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THEORY OF GROUND-WAVE PROPAGATION ACROSS
A ROUGH SEA AT DEKAMETER WAVELENGTHS

by

Donald E. Barrick

ABSTRACT

The effect of sea state on ground-wave propagation across the ocean is

computed in the HF and VHF region. The history and present understanding of ground-

wave propagation is briefly reviewed, especially as concerns the influence of

roughness. The approach of the analysis here is to derive an effective surface

impedance at grazing which includes the effects of roughness. To do this, the statis-

tical boundary perturbation approach of Rice is applied to the sea surface, which is

"slightly rough" at HF/VHF. In addition, the Leontovich (or impedance) boundary

condition is employed because ocean water is a good (but not perfect) conductor

at these frequencies. The analysis shows that the total effective impedance at the

surface can be expressed as two terms: (i) the impedance of a perfectly smooth sea

water surface at grazing, and (ii) a second term accounting for roughness. The latter

is obtained from the ocean wave-height spectrum.

The report examines two height-spectrum models for wind-driven ocean waves:

a directional Neumann-Pierson model and an isotropic Phillips spectrum. The effective

surface impedance is calculated for these models. This impedance is then used to

compute the ground-wave transmission loss across the sea. Graphs are shown for a

variety of frequencies, ranges, sea states, and receiver heights. Examples, in which

these curves are used in communications problems are solved.

A bibliography of ground-wave (open literature) publications is included

as an Appendix. The articles are arranged therein chronologically, by decades, anid

then alphebetically, by author.
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I. INTRODUCTION

Interest in ground-wave propagation began with Sommerfeld'sIll analysis in
(2-41

1909. Widespread utilization of these results, however, came with Norton's papers

which reduced Sommerfeld's complex expressions to graphs suitable for engineering

applications and extended the results to spherical surfaces [. Since then, many

investigators have made contributions which include a variety of deterministic surtace

geometries, including layers, surface-step discontinuities, propagation beyond hills

(of given geometrical shape), knife-edge discontinuities, a layered atmosphere, and

abrupt changes in surface properties (i.e., a shoreline model). For several recent

reviews of the pertinent literature, one should consult the articles by Wait[6 1 ,

Feinberg[ 7 ], Bremmer [8], Goubau[ 9 , King[I0], and Wait[lll.*

With few exceptions, all of the articles on ground-wave propagation have

treated the earth surface as smooth, either planar or spherical. Techniques have

been developed for treating ground-wave diffraction by deterministic shapes in given
[131 [1] 11,141

locations, such as a parabolic-shaped hill a knife-edge a surface step

or a linear interface between two surface media (modeling a coastline) 7 ' .5l7] All

of these obstacles, however, are handled deterministically, i.e., their shape and

locations are specified, and the exact expression is sought for their diffraction

effect. None of these surface irregularities, either singly or in combination, can

give a really satisfying model for a statistically rough surface, such as the ocean.

Hence, persons interested in ground-wave propagation across the sea have all used

Norton's (or similar) techniques and assumed the sea surface to be perfectly smooth.
/

Yet it has been krxown for years that a slight corrugation on an otherwise per-

fectly conducting surface has a substantial effect on a wave propagating across it [18]

in particular, the reactive portion of the surface impedance is enhanced. Thus there is

good reason to believe that in the HF and VHF regions, where ocean-wave heights can

be a significant percent of a wavelength, the roughness will play an important role

and must not be neglected. With a lack of any theoretical guidelines, measurements

carried out in the past [19 have proved to be relatively meaningless, especially since

*A novice to the subject would do well to consult one of these reviews, with possibly

a preliminary persual of a sound tutorial treatment, such as is contained in Jordan's
textbook[12 1 (Chapter 16). This suggestion is made because hundreds of articles have
been published on the subject, and any attempt to be comprehensive is bound to be
quite voluminous. Rather, the reader may refer to the Appendix for a chronological
bibliography on most of the important contributions on ground waves.
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no attempts were made to ascertain the statistics of the surface (i.e., the sea state)

at the time of the measurements. Since an ever-increasing number of systems (both

communication and radar) will involve propagation over the sea, an effort to treat

the effect of surface roughness in a quantitative manner appears in order.

There have been a handful of attempts to dual with roughness in ground-wave

propagatfon quantitatively. Feinberg' 2 01 in an English article showed already in

1944 that roughness produces an increase in the effective surface impedance, and

derived an integral for this average impedance. He obtained this result from the

integral equation for the fields obtained using Green's theorem; in this respect,

Feinberg's approach to the problem is similar to others who have used integral
121)10equations, e.g., Hufford and King While Feinberg initially applied the

Leontovich boundary condition, he later present. the effective surface impedance term

contributed by the roughness; the latter contains no dependence upon the surface

material properties, i.e., it is strictly valid only in the limit of a perfectly

conducting surface. This useful relationship, nonetheless, apparently went unnoticed

and unapplied in the West, and even in the Soviet literature it was only repeated

a couple of tims 221" To the best of our knowledge, no one in either ccuntry has
[81ever used it to study propagation across a rough sea. Bremer later notes

Feinberg's result, and repeats it.

Rice, on the other hand, studied very thoroughly the problem of reflection

of electromgnetic waves from a slightly rough* surface 2 3f. Using the boundary

conditions along with Maxwell's equations, he solves the problem using a classical

perturbation approach. In his Section 6, he briefly considers propagation over a

perfectly conducting rough surface for vertical polarization. His result is identical
to Feinberg's if one makes the connection between his effective horizontal propagation --

constant and Feinberg's surface impedance. While Rice's classical paper has been

quoted and applied often for scatter problems, chis important result for surface-wave

propagation has also gone unnoticed.

Wait[2 41 considers propegalion along a perfectly conducting surface having

a random distribution of hemispheric bosses superposed. These bosses, all of tie same

size, are small compared to a wavelength but their spacing is large compared to their
[251

radius; the work is based upon multiple scattering techniques derived by Tw.r.ky

*"Slightly rough" is the accepted term for surfaces whose roughness height ls less
than a wavelength. The sea at HF and much of VHF falls into this category.
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The interpretation of these results by Wait constitutes possibly the first attempt to

consider the effect of a random roughness on the propagation of surface waves. It is

obvious, however, that quantitative comparison of such a model with the sea is not
1261promising. Senior analyzes the influence of a slight roughness on the surface

impedance, but unfortunately he does not consider in sufficient detail the pathological

case here of grazing incidence; his results are mainly applicable at higher angles of

incidence.

i1, DEFINITIONS AND BACKGROUND

Before proceeding further, it is necessary to define terms to be used here,

including ground wave and surface wave. The definition employed here is that of

Norton[2"5,12J The ground wave is the total field observed at a point in space due

to a radiating source a finitc distance away, excluding any component reflected from

the ionosphere or other discontinuities in the upper atmosphere; these latter

components are termed sky waves and will not be treated here. The ground wave is

then broken down further into a space wave and a surface wave. The space wave, if it

exists, consists of the direct ray and that reflected from the earth; these are

predicted by standard ray optics and exist only when the observation point is above

the horizon. The surface wave is then the remaining field in the ground wave after

the space wave has been subtracted off. Persons using this definition have alternately

referred to the latter as the "Norton surface wave".

It is useful at this point to review very briefly the controversy over the

definition of surface waves. While we realize that the reader of this report is

little interested in a blow-by-blow description of the quarrel, it is nonetheless

necessary because the analysis that follows employs some of the concepts subscribed

to by both camps. The controversy involves more than a mere definition or terminology;

it is a question of the nature of the fields at the surface themselves.

Sommezfeld's solution is based upon a representation of the radiation from

a dipole by a summation (i.e., an integral) of plane waves. This integral, along with

similar representations for the reflected and transmitted fields, satisfy Maxwell's

equations and the boundary conditions at the surface. The resulting expression for the

total field above the surface is then expanded asymptotically (valid where distance from
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the source is large in terms of wavelength). When the terms appearing in this asymp-

totic representation are interpreted physically, the "space wave" terms described above

stand out; hence, it was natural to call the remainder of the solution a "surface

wave". As one approaches grazing propagation on a smooth planar surface of finite

conductivity, the space wave vanishes as it should due to the cancellatioa of the

direct and reflected waves; thus any power received is due to propagation via this

"surface wave". Here, however, one can encounter difficulties; one at first might ex-

pect that this "surface wave" alone should SaLlsly M&xwell's equations and the boundary

conditions; it does not. This fact has caused doubt in the minds of some, who felt that

the entire expansion was somehow erroneous or inadequate. It should have been no

particular cause frr alarm, however. Many popular asymptotic expansions of scattered

and diffracted fields fail these requirements when individual terms are interpreted

separately. Physical optics fails these conditions in certain regions of space, ancl

yet it proves to be a valuable tool when ua-d properly. Individual creeulng wave

terms in Keller's geometrical theory of diffraction 271 fail these requirments, yet

this asymptotic technique is considered an imtortant and meaningful approximation.

The point to be made here is that it is not unusual that separate terms of a high-

frequency asymptotic expansion will fail to satisfy Maxwell'si equations and tile

boundary conditions, e-ven ý.hough certain of theae ternms appear to be separate physical

entities capable of standing alone. When one employs all of tile terms in the asymptotic

expansion together, and approaches the asymptotic limit (usually allowing frequency

to become infinite), the entire result will nearly always satisfy these requirements.

Zenneck t 2 81 first called attention to tile fact that when one merely solves

14axwell's equations at a planar interface between two huiiog•.ious tiltdia (one of which

may be slightly dissipative, representing the ground), and applies the boundary

conditions, one arrivem at a field which appears to be "attached" to the surface

(i.e., its amplitude attenuates exponentially with heiight) and which falls off

exponentially along the propagation direction. This solution satisfies the needed

requirements, but assumes the media are source-free. The exponential atcenuation In

the propagacion direction is not entirriy unfamiliar, and explalits the removal of

energy from the field; in this sense it compliies with conservation of energy. This

removal of energy uccurs here due to the dissipation of the ground, which converts

electromagnetic energy to heat. In other cases, such as propagation acrosi a

*In this respect. the approach is similar to "assuming" incident plane wave fields
everywhere, which is commonly done in certain situations.
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slightly rough surface or propagation through rain, this attenuation is due to

removal and scatter of constant fractional increments of energy per unit length

along the propagation direction. Since this wave obviously satisfied the proper

equations to justify its existence at an interface, Zenneck felt that it should

be called a "surface wave". Unfortunately, an error in Soamerfeld's original analysis

resulted in a form for Sdmmerfeld's surface wave which coincided with Zenneck's

definition. Zenneck took this as convincing-proof for his explanation of radio

wave propagation over a surface. Sonmerfeld corrected this oversight in a 1926
[291work[ , which was apparently not noticed by everyone. By 1936, serious questions

began to arise concerning the importance of Zenneck's wave with radiation from

typical, finite-length, radio antennas; this attention was spurred by experimental

evidence which showed propagation behavior unpredicted by the Zenneck wave.

Several investigations at that time by Norton 2  Rce30 nd Burrows[ 3 2] found I

the error in Sommerfeld's original work and obtained asymptotic expansions for

the radiated field exhibiting a common behavior. All of these works, along with

Sommerfeld's 1926 paper, showed that if the Zenneck wave was present, it certainly

would not be dominant at large distances from the source. Yet they did show' 3 11

that the ratio between the horizontal and vertical components of the electric

field at the surface (i.e., the wave tilt) is nearly identical to that for the

Zenneck wave. This ratio is proportional to the normalized surface' impedance near

grazing incidence, and hence the definition and use of surface impedance for the

description of ground-wave propagation is valid. Wait[ 34 1 confirms this viewpoint

and gives a sumnary of ground-wave propagation from a vertical dipole based upon

the properties of the surface impedance. Furthermore, Norton[4] showed that the

Poynting vector direction for his surface-wave component coincides nearly perfectly

with that predicted for the Zenneck wave when the surface impedance is relatively

low. This Poynting vector, being directed slightly into the surface, indicates

that the energy is flowing into the lower medium at an angle very close to the

Brewster (or "pseudo-Brewster") angle.

MATTELLE MEMORIAL INSTITUTE - COLUMOUS LANOMATORIES
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Confusion and controversy continued. Several other treatments of radiation

from a finite source were developed based upon integral equations, a different approach

from that used by Somuerfeld and Norton. Feinberg[20) and Hufford 121) employed the

integral equation resulting from the application of Green's theorem to the Helmholtz

equation (the latter arising from Maxwell's equations). Kingt[1 01 used a different

integral equation originating from the "Compensation Theorem". All of these analyses

are based upon radiation from a finite source, e.g., a dipole, above a planar earth;

such a source in the absence of the plane would radiate a spherical wave. They all

arrive at the same asymptotic equation as the Norton-Sommerfeld result. Over

the years, experimental evidence for radio-wave propagation has tended to confirm

these asymptotic expressions, rather than the rapidly attenuating Zenneck-wave

explanation. The charge that the asymptotic expansion for the Norton surface wave

does not satisfy Maxwell's equations and the boundary conditions is answered in a

recent paper by Kingt10 l. He shows that the required correction is arbitrarily small

if the source and observer points are close to the surface and the surface impedance

is quite low (the latter condition implying an electrically dense and/or losay lower

medium). These conditions are nearly always satisfied in the case of propagation

over the earth.

Based on the concurrence of the several analyses and experimental evidence,

one must conclude that the Norton-Sommerfeld result properly explains propagation over

a planet earth when the field radiates from a finite-sized source (e.g., a dipole).

The Zenneck wave is not postulated on radiation from a finite-sized source, and hence

*The need for some sort of "meeting of the minds" reached a culmination In the late
1950's, when a working group was set up by U.R.S.I. (international Scientific Radio
Union) under the chairmanship of J. R. Wait to agree upon suitable definitions on the
nature of surface waves. This group more or less dissolved at the URSI 13th General
Assembly in London, England, in 1960 when it appeared that further discussion on the
topic at that time would not be fruitful. The Proceedings of that meeting contain
discussion by participants r6flecting their views on the subject (pp 533-539); more
data on the subject by many of the principal participants can be found in the Trans-
actions of the IRE on Antennas and Propagation, Vol AP-7, Special Supplement, pp 132-
243A (1959). Wait[ 34 1 later provided a needed comprehensive historical review of the
subject; this is both objective and quite thorough.

1The nature of the surface-wave over a spherical earth is fraught with the same
general problems, i.e., does a wave of the Zenneck type dominate? Only tile plane-
earth case is reviewed here for brevity.
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it does not apply in the ground-wave propagation problem since the source-generated

asymptotic expansions show no evidence of its existence. Nobody has yet designed an /
antenna which can excite a Zenneck wave over a plane earth (if such a finite-sized

antenna is even possible), although Barlow and Brown1 181 discuss this oubject.

Therefore, one must employ the source-postulated approach, along with the asymptotic

expansions attributed to Norton and Sommerfeld (both for the plane and spherical

earth) when analyzing ground-wave propagation over the eairth.

Nonetheless, paradoxes remain. If the Zenneck wave is not an important

component in the groundwave from a source, why does the polarization or wave tilt

obtained from the asymptotic solution agree so closely with that of the Zenneck

surface-wave? Why does the energy at the surface propagate into the ground at the
same angle, i.e., the Brewster angle, for both cases? Are these facts merely a

coincidence? Wait 1 points out that rather than coincidence, this near-equivalence
of the wave tilt at the surface is a consequence of the fact that the Zenneck-wave

pole in the Sommerfeld integral is near the free-space wavenumber in the complex

wavenumber plane. This mathematical connection between the two, however, does not

provide a clear physical interpretation of their relationship. An exact solution of

Maxwell's equations and the boundary conditions, in the absence of sources, shows that
such a solution must be a Zenneck wave, which is nearly planar and attenuating in

both the height and propagation directions, over a restricted localized region near
the urfce112,181

the surface' . Why is such behavior not present at great distances from the

source in the asymptotic results of Norton? Needless to say, until these points are
answered in physically meaningful manner, controversy and confusion is bound to

continue.

111, APPROACH AND SCOPE OF PRESENT ANALYSIS

The purpose of the present analysis is to quantitatively establish the

effect of sea state on ground-wave propagation and attenuation over the ocean. Due

to the nature of the approximations made, the results will be valid at frequencies in

and below the VIIF region; vertical polarization only is considered.

The first portion of the analysis will derive an expression for the effective

(or average) surface impedance of a roughened surface. Instead of treating the - "

surface as a perfect conductor, we shall use the Leontovich boundary condition for

IATTELLE MEMORIAL INSTITUTE - COLUMIUS LAGORATORIES
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good (but finitely) conducting surfaces; this condition is especially applicable to

ocean water in the HF and VHF regions. Even though the sea surface my appear to be

a good conductor, the distinction between a good conductor and a perfect one at these

frequencies is an important one. A ground wave propagating across a smooth perfectly

conducting surface suffers no attenuation due to the presence of the surface, and

propagates as though it were in free space. A good (but not perfect) conducting

smooth surface will produce attenuation of the ground wave at the surface ; for sea

water, this attenuation factor results in loss in signal level of tens of decibels at

ranges of 50 miles or greater even if the sea is treated as perfectly smooth. Hence,

the present analysis of roughness will take into account this finite conductivity

from the outset. The Leontovich boundary condition, in contrast with other approaches,

is discussed in the next section.

As shown in Senior's analysis 126 the effective surface impedance for any

surface is a function both of the angle of incidence and polarization. Since only

vertical polarization is considered, the remaining question arises as to the

angle of incidence to be used here. This is important, because results useful for

scatter at higher incidence angles are not usually meaningful when this angle is

reduced to the near-grazing region common in ground-wave propagation, and one must

treat this case separately. To do this, a plane wave will be assumed to be guided by

the surface, and the effective vertical wave number will be determined and related

to the surface impedance. In this respect, the approach taken is the same as that

in Rice 231 (i.e., a perturbation approach), except for the difference in boundary

conditions. This guided wave is identical to the Zenneck wave discussed previously.

One my ask why such an approach has validity here when we ultimately want to

consider a finite source which produces no Zenneck wave in the radiated far field?

The Justification is based upon the discussion in the preceding section; there it
was mentioned that results of Norton1 41 and Wise 311 show that the Norton surface-wave

derived from the finite source radiator, has the same phase and polarization tilt

(i.e., direction of incidence) as the Zenneck wave, even though the attenuation in

no way resembles that of the Zenneck wave. Hence, the effective surface impedance

derived by employing a Zenneck guided wave, being applicable for the same incidence
12113,4angle, can be used in the source-based formulation of Norton and Wait 33,3] The "-

*This has been defined in the preceding section as the Norton surface wave.
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reasons that we initially assume a plane wave propagating in a guided mode (Zenneck

wave) across the surface are primarily for the mathematical convenience and the

physical insight obtainable. A check on the validity is obtained by comparison of

result with that of Feinberg 221 where we permit the conductivity to approach

infinity. Feinberg's result was derived from an integral equation approach involving

the source. Besides providing an alternate derivation from Feinberg's, the analysis

here shows explicitly the effect of the finite conductivity in the roughness contri-

bution to surface impedance. This addition indicates the limits of validity in

Feinberg's assumption, and also yields a correction factor which accounts for this

deviation from perfect conductivity. Furthermore, it obviates a numerical difficulty

encountered in computing the integral for a given sea surface model.

With the above technique, we derive an expression for the average, or

effective, surface impedance. This is the sum of two terms: the first being the

normal impedance of the otherwise smooth surface, and the second term representing

the additional effect of the roughness. The scale and spatial height spectrum of the

roughness (or the roughness wavelengths) determine the nature'of this impedance

change. In the HF/VHF region, the radio wavelengths are of the same order as the

typical ocean wavelengths, and a noticeable effect on the impedance is expected. In

order to study this in a more quantitative manner, we select two semi-empirical models

for the sea surface: the Neumann-Pierson spectrum and the Phillips spectrum. In the

first model, the ocean waves are assumed to be slightly directional in nature, while

in the latter, a non-directional (or isotropic) angular dependence is assumed. These

models express the ocean wave-height strength in terms of wind speed, assuming that

this wind has been blowing sufficiently long that the resulting sea state is fully

developed . Using the models, values of effective surface impedance are computed

numerically. This is done for a variety of frequencies from I to 500 MHz, and for -

five sea states.

The reason for computing the effective impedance of the rough sea is to

eventually calculate the strength of the field in the ground wave radiated from a

source above such a surface. This is done using the computer program of Berry and

Chrisman [36 for ground-wave propagation over a spherical earth for dipole antennas.

In other words, after the average surface impedance is calculated which includes the

roughness effects, we assume-that the ground consists of a smooth surface with this
1 [331equivalent impedance. This procedure is in the spirit of Wait's article which
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suggests thfi, for example, for corrugated surfaces. Curves plotted from this pro-

srim are included which show the basic transmission loss to various points above the

earth as a function of sea state, frequency, range, and height. This is done for

propagation in both the downwind and crosswind directions so that some variance of

signal strength can be obtained.

Another effect occurs as a result of the roughnens. The ground wave prop-

agating across the sea interacts with the ocean waves, and a portion of the energy in

it is removed and scattered off into the sky. This scatter does not take place for

smooth surfaces. Hence the total field arriving at any point above the surface is

made up of two components: the ground wave which would exist at this point for a

perfectly smooth surface with the equivalent impedance calculated, along with the

scatter from all points on the surface due to roughness . The former component is

coherent, meaning that a CW transmitted signal will arrive at this point as a pure

CU signal. The latter scatter, however, is incoherent, in that its spectrum will no

longer be a pure CW sine wave, but will be modulated by the time-varying ocean

surface. The spectral spreading of the latter can be of the order of several tenths

of a hertz. Curves of the total average intensity of this incoherent component will

be shown in a subsequent report and compared to the coherent power In the ground wave

below it at the sea surface.

Additional subjects such as the sea clutter power, its spectrum, and bi-

static geometries, will be deferred to a later report. A section will describe the 7'
use of the transmission loss curves for communications applications.

IV, ANALYSIS

A. Formulation of Various Boundary Conditions

1. General Conditions at Interface
Between Two Homogeneous Media

To solve any problem involving the interaction of an electromagnetic wave

with an interface between two media, one must relate the field quantities at the

*This does not take into account any ionospherically-reflected components.
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interface by means of constraints commonly referred to as boundary conditions. The

most basic and general conditions are derived directly from Maxwell's equations in

their integral form. These conditions are stated as follows: (I) the tangential

components of the electric and magnetic (E and H) fields must be continuous across

the interface, and (ii) the normal components of the electric and magnetic flux

densities (D and B) must be continuous across the interface. This boundary condition

is valid for any arbitrarily curving interface. Unfortunately, it Involves explicitly

the fields on both sides of the interface (except when the surface material is a

perfect conductor; this will be discussed in the next seccion), which increases the

complexity of solving many typical scatter problems.

2. Perfectly Conducting Surface

When the surface material is a perfect conductor, the above boundary

conditions simplify to the following: (i) the total tangential electric field above

the surface is zero, or in equation form,

- (n )n 0()---

and (ii) the total normal magnetic field at the surface is zero, or in equation form,

nH -o (2)

In the above equations, a is the unit normal to the surface, E-T and H T are the total

electric and magnetic fields at the surface. Again, these conditions are valid at

any perfectly conducting surface, regardless of whether it is curved or planar, and

independent of the angle of incidence. They are more convenient usually than those

in (1) because they involve only the fields above the surface, in the medium of interest.

They do, however, involve only tangential E and normal H; i.e., there are no similar,

simple relations for normal E and tangential H at a perfect conductor. To obtain such

relationships in terms of the latter two components, one must solve Maxwell's

equations, and the results are not especially tractable or useful.
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3_ Planar Interface Between Homogeneous
Media--Fresnel Reflection Coefficients

One case in which a simple boundary condition obtain* for general homogeneous

materials occurs where the interface is perfectly smooth and planar. In this case the I I
total field on one side of the surface can be expressed entirely in terms of the

Fresnel reflection coefficients and the incident (locally plane) wave. These

reflection coefficients are functions of the incidence angle and surface material

constants. Any dissipative loss in the material (either electric, or magnetic) can be

included in these coefficients as a complex permittivity and/or permeability. The

elimination of the fields on the other side of the surface in this boundary condition

is convenient, but unfortunately the entire method is strictly valid ofily for perfectly

smooth, planar interfaces (surfaces). This is in contrast to the boundary condition

for the perfectly conducting surface discussed previously, which is valid for surfaces

with any degree of curvature. That boundary condition applied only to the total

tangential electric field at the surface, whereas the one discussed here for planar

surfaces applies to the total (both normal and tangential components) electric and

magnetic fields at the surface. How to deal with curving surfaces will be considered

subsequently.

4. Curvinx Interface--Tangent Plane
Approximation and Fresnel Coefficients

The preceding section showed that the total fields at a perfectly planar

surface can be written directly in terms of the incident field times an expression

involving the Fresnel reflection coefficients. The question arises: under what

circumstances can such a convenient expression be extended to curving and rough

surfaces? This question has been examined in many places, and the general conclusions

are that it is valid when applied to surfaces whose local radii of curvature are much

greater than wavelength. In fact, the correction term in this approximation can be

shown to be of the order of (kop)"1 , where ko - (X is the free-space wavelength),

and p is a radius of curvature of the surface. When wavelength and surface curvatures

are such that the approximation is reasonably valid, one writes the total field at a

given point on the surface in terms of the incident field and the reflection coeffi-

cients, the latter being taken at the angle of incidence to that point. Ifence the

NATTELLE MEMORIAL INSTITUTE - COLUMOUS LASIONATOMIgS
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resulting expression for the total field at the surface varies from point to point

with the local incidence angle; this local incidence angle is defined as the angle

between the incident wave propagation direction and the normal to the surface at that

point. The formulation of the total fields at the surface in such a manner is called

the tangent-plane approximation; it is often used along with physical and geometrical

optics methods to compute the fields reflected and scattered from curving surfaces

in the high-frequency limit.

The tangent-plane approximation carries two further restrictions with it.

First, at regions of the surface not directly visible to the incident wave (i.e.,

shadowed regions), the fields are assumed to be identically zero. This vanishing of

the fields in shadowed regions is not strictly valid in itself. Furthermore, it

introduces complications in having to determine (either deterministically or statis-

tically) the regions shadowed for different incidence angles. Near grazing, this

shadowing effect becomes so serious that its neglect cannot be tolerated; yet it is

at near-grazing angles that surface waves appear to propagate. A second restriction

inherent in the tangent-plane approximation is the lack of multiple scattering between

two or more surface points. This effect is neglected because the total fields at each

surface point are written in terms of the incident field only at that point, which

excludes any field contribution reflected from a nearby surface point. Multiple

scattering is expected to be a serious contributor only for surfaces having many large

concave regions, and is not typical of the sea surface, for example.

5. Impedance (Leontovich) Boundary Condition--
Curving Surface

A further boundary condition which can be very usefi'L for certain situations

is called an impedance boundary condition. In particular, wA; applied to vectorial

electromagnetic waves, it is commonly referred to as the LC", ,vich boundary

condition because of the detailed pioneering investigations / Leontovich|3 7 '•8} on

this subject in the 1930's. He showed that when the condu - .,vity and refractive

index of the medium below the interface are relatively large, one can arrive at an

expression for the total tangential fields immediately above the surface which does

not involve fields in the medium at all. Furthermore, they do not require serious

restrictions on the surface radii of curvature, as does the tangent-plane approximation

discussed in the preceding section.
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In equation form, the Leontovich boundary condition appears to be a slight

extension of Equation (1) for the perfectly conducting surface:

E -(n•. )-z(nX ) . (3)

Here, V and H are the total electric and magnetic fields above the surface and n is

the unit normal to this surface. The quantity Z5 is termed the surface impedance.
5

For a homogeneous medium below the surface, Z is given by

Z5 - , (4)

where 14 and 9 are the absolute permeability and permittivity of the material.

Obviously, the above boundary condition carries certain restrictions on the

media and interfaces to which it applies. As derived by Leontovich, these

restrictions are the following: (i) the index of refraction (i.e., *59-) of the

material Is large and has a large imaginary part, (ii) the fields immediately above

the surface vary slowly along the surface over a distance of the order of a wavelength

in the material (i.e., a wavelength in the material is A Ift 1IWO, where ko is the

wavelength in free space), and (iii) the radii of curvature of the surface are small

compared to X3, the wavelength in the material.

Thus, while there is a restriction on the radius of curvature of the surface,

it is considerably less stringent than that for the tangent-plane approximation. The

condition there was that the radii of curvature had to be large compared to As, the

wavelength in free space. Leontovich' 38] in fact derives the firset-order correction

terms for the above boundary condition (Equation (3)) and finds that for a homogeneous

material, they contribute terms to the right side of (3) of the order of

za,(a-x L'•") " 1 1 1

where p, and P2 are the principal radii of curvature of the surface at any point.

Investigators have found that the impedance boundary condition expressed

in (3) is useful not only for homogeneous media below the surface, but also for other

types of surfaces such as corrugated and dielectric-clad conducting surfaces. In
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fact, the purpose of this report is to derive an effective Z for a randomly rough

sea surface. A rather thorough review of the Leontovich boundary condition and the.

general impedance boundary condition for various types of surface conditions was

done by Senior (39,26]

B. Applicability of Boundary Conditions to the Sea at 1fF/V11F

Not all of the above boundary conditions are applicable to a rough sea in

the HF/VHF region. The boundary condition selected depends upon the method of attack

used to solve the problem and upon the material and surface properties of the ocean.

Several investigators have employed questionable (and even inapplicable) boundary

conditions and techniques in the past to study sea scatter at HF/VHF, and this is the

reason that the question is studied rather thoroughly here. It is the conclusion of

this section that the only strictly valid technique to determine scatter from, and

propagation along, a roLgh sea at HF/VHF is the boundary perturbation approach

attributed to Rice[ 2 3). Using this technique, the only strictly applicable boundary

condition is the Leontovich condition, fo. scatter and propagation at near-grazing

incidence.

I. General Conditions at Interface Between
Two Homogeneous Media

Rice initially formulated a solution for scatter from a slightly rough

random surface between two dielectric media for a horizontally-polarized Incident

wi ve. His results were extended to vertical incident polarization by Peake*4 0 ] and

by Barrick and Peake [41,42 to homogeneous surfaces with arbitrary IA as well as C.

All of these analyses are based upot. a perturbation expansion of both tha9 surface and

the reflected fields. The boundary condition used is the general condition Involving

the fields on both sides of the interface, as discussed under 1. of the preceding

section. While the expansion is messy algebraically, it is straightforward, and A

results may be found in the above references.

As applied to the sea surface at HF/VHF, these results are believed to be

very questionable, if not entirely invalid. This is due to the fact that the

expansion of the perturbed fields beneath the surface is based uponi a simple series
ic(m,n)crepresentation of the quantity ea, in which only first three terms are
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retained. This is valid if s(m,n) a in smll (C is the ocean wave 1eight above a

mean level). However, c(m,n) is defined as i

lam2 ain3 (
c (mrn) - ko rr - ;; - -r - koleror - -a (6)

where 0 is the scattering angle from the vertical to the earth, and 6 r Ar are the

relative constitutive parameters, which in general may be complex. For the sea the

dielectric constant is about 80 and the average conductivity is about 4 inbos/m. At

10 MI/z, this gives or = 1, £r - 80 + i7200. For real scattering angles 0e, jc(u,n)I

Is of the order of 85 ko - 18 m-1 . Hence, even for a very calm sea with ocean waves

whose heights, C, are of the order of 6In, the quantity Ic(i,n)CI is of the order of 3,

and clearly, the first three terms of the exponential eIc(mn)C are entirely insuf-

ficient. In addition, the representation of the solution with a perturbation formula-

tion, where c(m,n)C is a "smallness" parameter, is invalid because such a smallness
,

parameter must always be considerably less than unity. The above restriction on ocean

waves fails throughout the entire HF/VHF region.

2. Perfectly Conducting Surface

The ocean at HFI/VHF is a good conductor, and for many applications may be

considered a perfect conductor. For our application here, however, such a

simplification is not possible. The following is an explanation of the reason. A

ground wave propagates in a direction close to grazing, but ac'.ually appears

to be propagating into the surface at the Brewster angle. For sea water, this angle

at 10 MHz is about 1/2 degree from grazing. For the vertical polarization states,

propagation across a perfectly smooth, perfectly conducting surface takes place with

no attenuation (other then that of free space). In addition, scatter from a

perfectly conducting, slightly rough surface is entirely insensitive to grazing

angle in this region, i.e., the scattered power for incidence and scattering angles

of about 2*, 1/2, and 01 above grazing are identical.

*The discussion here is not meant to imply that Rice's analysis using the interface
boundary conditions between two homoegenous media is Invalid Lai general. There rt:
a great many surfaces and materials which meet this restriction. The condition is
easier to satisfy for less dense surface materials; sea water, however, is quite dense
electromagnetically at HF/VHF.
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For a good, but not perfect, conductor however, propagation near grazing in

the vertical polarization states differs considerably from the behavior described

above. First, ground-wave propagation across a perfectly smooth sea surface will

suffer several tens of decibels attenuation over that a perfectly conducting surface

at a range of, say, 100 miles. Hence, by assuming a perfectly conducting sea, one

loses entirely the ground-wave attenuation function which is the essence of the

problem. Second, when such a surface is slightly rough, the scatter for the vertical

polarization states has been shown to vary considerably at angles near grazing142),

in contrast with the case of a perfectly conducting surface. Here again, the dif-

ference between a good and a perfect conductor is critical.

For HF/VHF, and for most sea scatter problems involving horizontal and

vertical polarization (where incidence and scatter angles are restricted from the

region within 3* of grazing), the assumption of a perfectly conducting surface is

valid. In these cases, the Rice perturbation technique based upon equation (1) is

entirely adequate, and results derived and presented for average scattering cross

sections in[ 4 0 -4 21 are applicable (i.e., where a perfectly conducting surface is

assumed). For the near-grazing angles associated with ground-wave propagation, however,

the assumption of perfect conductivity can lead to dangerous and possibly erroneous

results and interpretations, as seen from the discussion in the preceding paragraph.

3. The Tangent-Plane Approximation

The tangent-plane approximation, as discussed in the preceding section,

replaces the total field at the surface by the incident field times a factor involving

the Fresnel reflection coefficients. These coefficients are strictly valid only at

a perfectly smooth, planar interface, but may be employed with littla error when the

radii of curvature of the surface at a given point are much larger than wavelength.

When this condition is met, the reflected field at the given point is treated as

though it had been reflected from an infinite plane tangent to the surface at that

point: hence the term "tangent-plane" approximation. The approximation is commonly

used to reduce an integral equation for the fields over the surface to a definite

integral, the latter being called the "physical optics" integral.

*'The subject of incoherent scatter from a ground waw will be discussed in a separate
report, and this contrast in behavior between good and perfectly conducting surfaces
near grazing will be examined.
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In order to be applicable for rough surface scatter probla,•, the radii of

curvature of the surface at most points must be considerably greater than a wavelenthb.

For the ocean, the dominant sea waves which will contribute to HF/VHF scatter are

those of the order of one-half the radio wavelength. To check the applicability, as-

sum a frequency of 10 Mz, and hence, a free space wavelength of 30 moters at winds

of about 10 knots, 15 meter-long ocean waves will be excited, and their heights will

be of the order of C - 2 to 3 feet. Such waves (assume they are nearly sinueoidal)

will have a radius of curvature at the peak and trough of about 7 meters, considerably

less than the radar wavelength. Thus, the restriction on the radius of curvature at

HF/VHF faLls, and the use of the tangent-plane approximation here is extremely

questionable.

A further argument against the use of the tangent-plans approximation with

the physical optics integral for propagation near grazing is the inherent neglect of

shadowing in the approximation. Shadowing at these angles will be a very serious

factor, and its neglect near grazing seems an oversimplification.

Various investigators have nonetheless employed this approximation and tried

to extend its use of HF/VHF scatter from the sea. As evidence of the inconsistencies

resulting from its use, no polarization dependence is predicted for scatter within

the plane of incidence. Yet measurements show considerably stronger scatter for the

vertical polarization states than for the horizontal states. For ground-wave

propagation, polarization is of the essence of the problem, and any theory which

shows no polarization dependence cannot be used. Therefore, it is concluded thai the

tangent-plane approximation cannot be used here for ground-wave propagation, inter-

action, and scatter from the sea in the HF/VHF region.

4. Leontovich Boundary Condition

The Leontovich (or impedance) boundary condition Is applicable to surfaces

whose radius of curvature is larger than the radio wavelength inside the materials

as discussed in a previous section. For the ocean this wavelength is X -aho/l/Irl,

where ar is the complex dielectric constant of sea water. At 10 MHz, this becomes

X 1 1 foot. As mentioned in the preceding section, the smallest radius of curvature

for the ocean waves producing scatter at these frequencies is about 7 meters or

21 feet. Hence, the requirement on the applicability of the Leontovich boundary

condition is readily fulfilled for the 1iF/VHF region and the sea surface.
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In employing this boundary condition along with the Rice boundary perturbation

technique, one therefore avoids the necessity of writing the fields above the surface

in terms of the fields beneath the surface. Since the technique is now based upon

an expansion in koC (i.e., the free-space radio vaventanber times the surface height)

and not in terms of k s (i.e., the wavenunber in sea water times the surface height),

the difficulties discussed in Subsection 1. above are avoided. At HF/VHF, the

parameter koC is considerably less than unity (for frequencies below about 50 MHz and

peak-to-trough wave heights below about 4 feet), and the perturbation expansion about

such a parameter converges rapidly. In addition, shadowing is not neglected with this

technique, as it is with the tangent plane approximation.

Therefore, we conclude that the use of the Leontovich boundary condition

along with the Rice perturbation technique gives the soundest analysis of ground-wave

propagation and scatter across a rough sea at HF/VHF.

C. Guided Wave at Smooth Impedance Boundary

At any smooth, planar interface between two media, various types of semi-

infinite guided waves can be shown to exist. They are semi-infinite in the sense

that they can extend to infinity in directions normal to the interface. They represent

mathematical solutions to Maxwell's equations which are forced to satisfy the boundary

conditions at the interface. The existence of this type of guided wave is postulated

without regard to the reality of sources which might be required to excite them. In

this sense they are analogous to the concept of semi-infinite "plane waves" in free

space, the latter merely satisfying Maxwell's equations without regard for the physical

reality of their sources. Like plane waves, the physical picture of guided waves is

believed to be valid over a small localized region near an interface far from the
sources producing them. As mentioned in Chapter II, Wise[31] and Norton [4 have

shown that the Sonmerfeld ground wave excited by a finite source has the same

polarization relationship and angle of incidence near the interface as the guided

wave.

The term "guided wave" is employed h tre in order to avoid the use of the

controversial term "surface wave". Actually, the guided waves, as we intend to use

the term, is identical to the "Zenneck surface wave" often found in the literature.

Two types of simple guided waves can be shown to exist at a planar interface and

satisfy Maxwell's equations: plane guided waves and radial guided waves. The former
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represents the solution in rectangular (or Cartesian) coordinates; this wave, like a

plane wave, extends to infinity along a line parallel to the surface and perpendicular

to the propagation direction. The radial wave, in contrast, represents the solution

in cylindrical (or polar) coordinates; the wave fronts appear as circular, concentric

rings emanating from the z-axis normal to the interface. We shall deal only with the

.former, or the planar guided waves because of the convenience of expanding the surface

in rectangular coordinates.

Any elementary electromagnetics textbook can be consulted on the derivation

and analysis of guided waves. The procedure is so standard that the details will

not be repeated here. The technique may be sumnarized as follows: (1) solutions to

the wave equation are found in rectangular coordinates for the media on both sides of

the interface, (i1) the constants (i.e., multiplicative amplitude factors and also

wnvenumbers appearing in the exponentials) are then determined by applying the boundary

conditions at the interface. Using this technique and restricting attention to

impedance boundaries of interest in this application, the solution for the electric

field components of tite guided wave above the surface can be written as follows (see

Figure 1):

E z Ro expjiko/'l' -A7 x - ikoAz - iwt] , (7o)

K x Eoexp(ik 0 /-
T x - iko4z - iwt) (7b)

H Fn expfikoVT-77- x - ikoA - iwt) (7c)
y 120r1

where t~o K E-field amplitude constant, Z and A are the surface impedance and

normalized surface impedance respectively. The latter conforms to the notation of

Wait1 3 3' 3 41 . and is defined as follows:
Z()

A = 120"- Y *( ) ,

The solutions given in (7) are based on the assumption that A6<<Il (which is true for

sea water at HF/VHF). Note that as the surface properties approach a perfect conductor

A - 0, and Equations (7.,b,c) degenerate to plane-wave free-space propagation along the

x-direct ion. 1

*Jordan's text (Section 7.09) provides an analysis of guided waves. A more
detailed treatment which includes both planar and ¶al guided waves and various
tyres of surfaces can be found in Barlow and Brown" (Section 2.1).
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z Free Space

///////0
Sur facxe .

Figure 1. Guided Wave Above a Planar Impedance Boundary

For a homogeneous material below the interface,

(9)
r

where ar and er are the relative permeability and permittivity of the medium. Either

or both may be complex. For our application, sea water has approximately the follow-

Ing constants:

ra l, r M'80 + . (10)

where co - 10ef3617, w is the angular frequency, and a is the conductivity of sea

water. At 10 MHz, tjis value is approximately c - 80 + 07200, and thus
-I- Kiwt

A - 1.18 x 10-2 - e 4 (The time dependence, e t will be dropped henceforth.)

The solutions for the guided wave represented by Equations (7a,b,c) are

valid for a smooth sea surface. When the surface becomes rough or corrugated, the

normalized surface impedance, A, appears to change. For adeterministic corrugated

surface, for example, whose period is much less than a radio wavelength, this change

manifests itself as a sharp increase in the reactive (or imaginary) component of A.

In particular, the surface appears inductive. It is this increase in A which we are

*Wait|3 4 J shows that a more general expression for the normalized surface impedance
at grazing incidence above a dielectric surface is & _ I//s (1 - l/S )1/2 ; this ex-
pression is'exact, and (9) is an approximation valid where 1/tat r1srmuch less than
unity, as is true here.

IThis conductivity depends upon the particular ocean and its temperature. It almost
always lies between 3 and 5 mhos/meter. For this report, a value 4 mhos/meter will
be used.
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seeking for a statistically rough sea surface. This average 0 or effective, A, can

then be used in the Norton-Sommerfeld formulation for ground-wave propagation, in the
t 331spirit of Wait's dicussion

D. Guided Wave at Slightly Rough Impedance Boundary

1. Description of Perturbed Surface

Let the mean plane of the sea surface be taken as the x-y plane. Then the

x-coordintel (or height) to any surface point will be designated C. See Figure 2.

In general, C is a function of x and y. It can now be expanded in a two-dimensional

Fourier series over a square area of side length L. Thus

•(x,y) " Z P(mn) exptia(nmx + ny)] , (11)
a, n-e~

2T1
where a - . P(m,n) is the Fourier coefficient of the u,n th spatial harmonic of

the surface. The real nature of the surface height, C(x,y), requires that P*(m,n) -

P(-m,-n), whore P* denotes the complex conjugate of P. This expansion can be employed

both for deterministic surface-height profiles, and for random surface heights.

z/ ,--- L "

Figure 2. Slightly Rough Surface Geumetry

*The notation of Ricet 2 3 ' will be retained here as much as possible in order to
facilitate reference to this classical treatment.
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In the case of the ocean, C(x,y) is a random variable. Over a period of

time, the surface profile undergoes a complete change, and we can think of an ensemble

of random height profiles valid at different points in time. Hence, an average over

time can be physically Justified as representing an ensemble average, without undue

discussibn of the ergodic theorem. Therefore, averages (denoted here by (fW or f)

will be understood to be ensemble averages.

* Since we shall have occasion to perform averages later, some definitions

will be stated. These also facilitate the transition from a Fourier series with

discrete surface-height spectral components to a continuous, average spectrum of
123]surface heights. The reader is referred to Rice for more detail on these

definitions. It can be shown in any statistical treatment of random noise (e.g., see
[431 144]

Davenport and Root or Rice's earlier work ) that a Fourier series such as (11)

can be used to validly represent a random variable. Furthermore, they show that the

series coefficients, P(m,n), become uncorrelated as L - Practically, it is

necessary that L be considerably larger than the surface correlation length or radius

in order for the coefficients to appear uncorrelated; this condition is assumed

satisfied here, since the ocean area considered here includes many ocean waves.

Recalling now that the coordinate system was chosen so that (C(x,y)) 0, we can

state that

(P(m,n)) - 0 (12a)

0for u,v m-

(P(m,n) P(u,v)) ,

iT W(p,q) for u,v -m,-n (12b)

where p = am = 2Tu/L and q - an - 2T1n/L. The function W(p,q) defines the average

roughness spectral density of the surface, and p,q, are the radian waventubers (or

spatial frequencies) along the x- and y-directions respectively. Using these

equations, the following relationships are established.

((x,y))- (P(m,n) P(u,v)) eiax(m + u) + iay(n + v)
m, n, upv

Z, (P(m,n) P(-m,-n)) dm J dn .E W(p,q)
m,n -

BATTELLE MEMO9RAL INSTITUTE - COLUMBUS LAeORATOmIg[S

M L"/, VCL, F Opy



"24

.iffW(p,q) dpdq~o ii , (13s)

(C(xy) C(x'.y')) - L (P(m,n) P(u,v)) a

mhtneUeVL

n n iam(x - x') + ian(y - y')S(P(m,n) P(-=,-n))a

4 a .W(p,q) a tpTx + q'Ydpdq A aOR(•xTyr(1b4 4,

where T , x -z' and TY a y - y*. The quantity O' is the mean-square height of the

x, y

surface, and R(r xY) is the surface height correlation coefficient. Relationship

(13b) arely states that the roughness height spectral density and surface height

correlation function are Fourier transforms.

2. Description of Perturbed Fields
of the Guided Wave

The underlying philosophy behind the perturbation approach to be used here

requires that we expand the perturbed fields in the same eigenfunctions as those used

for the perturbed surface. Such field solutions will be required to satisfy the

wave equation. This leads us to choose the following form for our perturbed fields:

E AE(h,O,z) + 2 A E(m + h,n,z) , (144)Ex mtn-

Ey L B E(m + h,n,z) , (14b)

am

- E(hOz) + C E(m + i,n,z) (14c)
m, n=-w

where

E(m + h,n,z) - Eo exp(ia(h + m)x + isny + tb(m + h,n)z) , (15)

and
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b(h + m,n) -AS - aa(, + h)2 . an (S8)

The definition of b above is such that Equations (14ab,c) satisfy the wave

equation. The Cartesian components of the H-field are not given here, but are

readily determined from Maxwell's equations.

In the above equations, the presence of roughness manifests itself as the

stmmation terms. As the roughness height approaches zero, A., B m, C.., will vanish,

and b(h,O) - -koA; Equations (14a,b,c) then become identical with Equations (7a,b,c)

for a guided wave over a smooth impedance boundary.

Also, C00 is taken to be identically zero in (14c). This choice is possible;

what it really means is that all of the remaining constants are normalized so that the

0,0 mode appearing in (14c) is removed from the sumnmation as the first term, E(h,Oz)

with amplitude Eo. Physically, the guided-wave portions of the field appearing

in Equations (14a,b,c) are all terms having the E(h,O,z) structure. These

are

EG - (A + A 0 ) E(h,O,z) , (17a)

LP E(h,O,z) (17b)

EB - E(h,O,z) . (17c)

The remaining portions of Equations (14ab,c) consist of modes generated

by the roughness. These modes, to be termed the scattered field here, actually

include both propagating and evanescent modes.

3. The Average Normalized Impedance

The guided-wave portions of the perturbed fields are given by Equations

(17a,b,c). When one compares (17a) and (17c) with Equations (7b) and (7a) for a smooth

impedance boundary, one is led to define an "effective" or average impedance guided- ..

wave propagation across a roughened surface as

(A + A+M 0A A+ (AD O) ,(18)A"
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I.e., the effective impedance consists of the constant impedance of a smooth interface

plus <A00), which accounts for the roughness. This convenient definition will in

fact be used, and the goal ot the analysis will be to derive an expression for (A00).

If the roughness is to contribute to the impedance, we expect this average to be

nonzero. Physically, (18) says that the average wave front and polarization tilt at

the surface is (EG)/(EG- - - A + (0, which is another way of defintng the effec-

tive surface impedance.

Since there is no Ey component of a guided wave over a smooth surface, we

should expect that (Boo) appearing in (17b) will be zero, meaning that (EG) is zero,
y

on the average. This will In fact be shown later in the analysis.

4. The Perturbed Leontovich Boundary Condition

Basically, the method of solution to the problem may be summarized as

follows: We intend to employ Equations (14a,b,c), (which are solutions to the wave

equation) along with the description of the surface given In (11), to determine the

unknown constants Amn, Bnm, C.,m and h, by forcing the solution to satisfy the

boundary condition at the perturbed surface. Of these constants, only AOO is really

needed to determine the effective surface impedance, as shown in (18). The others

will prove to be useful, however, in understanding the mechanism of scatter from the

guided wave by the roughness.

The Leontovich boundary condition, as expressed in Equation (3), is written

in terms of the E and H-fields at the surface, along with the unit normal to the

surface, a. All of these quantities vary with position along the surface. To reduce

this equation to a usable form, however, we must express the unit normal In terms of

the surface slopes; these are the trtial derivatives of the surface height as a

function of the independent variables, x and y. Defining them as

this normal is expressed in Cartesian coordinates as follows:

A -,C X - C ; . + z ,
n A + qT + (20)
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where X, 9, and !.are unit vectors along the coordinate axes. Although implicit, 4 and

S are local functions of position, x and y, Just as is C(x,y).

With the quadratic function in the denominator, Equation (20) is not very

useful in a perturbation analysis. In order to be useful, a further restriction on

the surface slopes must be made; they must be small, so that C. C<< 1. When such

is the case, the quadratic can be simplified with the binomial expansion as follows

[1 + C + Caf1/2 1 I(C2 + C2), retaining only terms to the second order.y 2 x -y
We shall employ the above approximation, and substitute (20) for A into (3).

In addition, we shall express H in terms of E by using Maxwell's equation. Then

Equation (3) in vector form can be reduced td threescalir squat '.ons for the 2, ;, and

z components. We preserve terms in C. y up to the second order, i.e., up to a and

C3. The results for the i and y components are, respectively,

E -CEx - CxCE + CxEz yC + ;) - , (21s)
xyy xz o cy x B K27

E -CE - C CE +CE L- Cx x. (21b)y yx 2y yz .y

The equation for the 2 component is not written above and is not used in the analysis.

The reason is that it is not independent of the other two, but can be obtained from

them using the divergence equation.

Also, no attempt is made in the above equations to order the fields. For

instance Ey (the y-component at the surface) will be small compared to E., i.e., it will

be at least first-order if Ez is zero-order. Hence, the term •C yEy will be third-order

and could have been omitted from the above equation, since only terms up to and includ-

ing second-order are to be ultimately retained. However, the field components are not

ordered as to smallness at this point so that the possibility of omitting significant

terms will not occur. They can be easily dropped later, and the intervening analysis

will serve as proof that they are small.

This boundary condition, as noted previously, applies at the perturbed surface,

relating the various E-field components and their derivatives.
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5. Restrictions Made and the Perturbation
Parameters

In many analyses, so many assumptions and appruxinbatons are made along tie*

way that the reader is never sure of the validity of the results. In summry, we

shall state at this point the assumptions we have made.

(i) The normalized surface impedance, A, is considerably less than unity.

This is true for sea water, and at the highest frequency we intend to consider (i.e.,

100 M/z), vAj ' .038; it decreases further at lower frequencies.

(ii) The radii uf curvature of the ocean waves producing scatter is

considetably greater than the wavelengLh within the medium. At low frequencies, this

restriction is the most serious, and at 10 MHz, fur example, it was shown in a previous

section that it is very adequately fulfilled.

(iii) In free space, (koC) a << 1, I.e., the sucLdce helght compared to

wavelength is small. In very high seas, say Sea SLate 6, where wave heights, C, can

be 1 feet from a mean level, (koC)o - .4 at 30 MHz. Fur calmer seas, which are much

more prevalent, the frequency of validity can be extended higher; e.g., to 100 MHz

for Sea State 3.

(iv) 4,C << 1, I.e., the ocean waves responsible fur scaIter have rela-

tively small slopes. This is adequately satisfied for deep seas (i.e., away from

coastal reef areas which can produce breakers) where the surface angle for waves whose

lengths are several meters will rarely exceed 20, for which < .14.

It is important to note that the above conditions can even fail at a finiLe

number of points on the surface, and the validity of the results is not seriously

impaired. They cannot fail, on the average, over most of the surface, however.

Because of the nature of the perturbation analysis which we intend to employ, we will

have need to "order" or expand termis mathematically about "smallness" or "perturbation"

parameters. As a result of the above rebtrictions, we shall employ the following

perturbation parameters:

(i) kOC; we shall include terms to second order in this parameter

(ii) C and Cý; likewise, terms to second order will be retained

(iii) A; we shall retain terms to first order iW this parameter

(iv) Ar, B C ; these are taken to be of at least first-order In
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smallness, since they represent field perturbation due to the

roughness. On the basis of the restrictions mentioned previously,

these parameters will be shown to be at least first-order. However,

In order to facilitate the derivation, 2ue shell employ the definition

A( 1A + A(2) , with similar definitions for B , C M. Thismn mn Ut Ut
means that we break Amn up into first-order contributions, second-order

contributions, and so on. The first-order contributions to An

(I.e., AM') then come from first-order terms in koC, Cx, Cy, and A.

6. Derivation of First-Order Coefficients
of the Perturbed Field: A(1), Bm(n1 and C(l)m mn

Equations (14ab,c) represent the perturbed field expressed in terms of the

coefficients A., Bn , and C.. These coefficients we order according to smallness,

as discussed in the preceding paragraph. Then the resulting expressions for the

perturbed fields are substituted into the boundary conditions (21) and evaluated at

the boundary, i.e., for z - €. At this point, we also discard terms obviously of

higher order than second. We employ the following expansions of the fields at the

surface, correct to the second order in C:

E(m + h,n,z) z"c

-E(m + h,n,C) I F(h) Ex(m,n) [1 + ib(m + h,n)C - I bl(m + hn)Ca], (22a)
2

aE(m + h.n.z) -
Iz'C

i(h + m)a F(h) Ex(m,n) E1 + ib(m + h,n)C - b' (m + hn)Cal (22b)

ME(m + h.n.z)
•I z-C

r ý 1z.
ins F(h) Ex(m,n) +1 + ib(m+h,n)C 2 V (m + hn) C2 (22c)
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73E(a + h a, Z)I
asi

ib (a + h, n) F1(h) Ex (mn) [I + ib (II + h, n)C - '(IS + h, a) CS (22d)

where 1(h) a Eoe ihax and Ex(m,n) -expfiamx + isny].

When the above expansions are used, the followiing expressions are obtained

from (21), correct to the second order in the mmallnesa parameters defined In the

preceding section.

A F(h) [1 + ib(h,O)C - -1 bl(h,O)C']+

+X{[A(') + A ()Jl-bmhn) - bP(m +h,n)C]}

* (h) Ex(m,n) . CA(h+ ,Fh) ~I + ib(h,O)C] + C, l) F(h) Ex(m,n)-

i,[-CiZj )im + h)a - A(') ina) F(h) Ex(,,n)-

-ib(h,O) A F(h) [1 + ib(h,O)C - 1 bO(hO)C*] +

+ iha 1(h) LI + ib(h,O)C - 1 b0(h,O)Cs1-D (A"M + A (2) ±b(s + h,n)-

-(C~l) + C(2)) i(, + h)a]

[I + ib(m + h,n)C] } (h) Ex(m,n) + j (C9 + 2) [ib(h,o)4 ihsj F(h)] (23s)

Z [B~Ul) + B()] [1 + ib(m + h~n)C] F (h) Ex(m,n) C CYc4 1(h) +

+ C, y (h) [1 + ib(hO)CjI

+1 ~l (h) Ex(m,n) a Mins - BM ,s +h~j F(h) Ex(aa,n)

-%{[B(l) + B(2)) ib(, + h,n) -(C"l) + C(2)) inaj [1 + ib(m + h,n)CJ

1(h) Ex(m~n) (3b
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In the above equations, the factor F(h) is comon to all terms and can be dropped.

Following the classical perturbation technique, we now collect terms of each

order and set each set separately equal to zero. Let us collect first the zero-order

terms froa (23a) (there are no zero-order terms in (23b)).

A + • [ib(h,O)A - tha] - 0 (24)

This equation contains the propagation constants associated with the guided wave. In

order to convince ourselves that the left side is really equal to zero (to at least

the second order), let us employ the divergence condition on the guided-wave fields

as expressed in (17).

C G G

7 E -0 0 - = + -+ - iha(A + A)+ ib(h,O) -0
ax ay az 00

. b(h,0) - -ha(A + A00) (25)

But, ha is defined in terms of b(h,O) from (16), i.e., ha - fk; - be(h,0). The

quantity b(h,O) will be small compared to ko since it represents the z-portion of

the wavenumber for the guided wave. On the other hand, ha will be very close to ko

Hence

ha ko(l b (h ..0 ) (26)2 ko

by the binomial expansion. Now, let us substitute (25) for b(h,O) into (24).

Now, substitute (26) for ha into the above. The result is

As+ AA 1- I b .0 0 (27)

00 2 k03

All of the terms in the above equation are of higher order than second in A, A00 , and

b(h,0). Hence, Equation (24) for the zero-order terms is actually zero to the order of

terms to be retained throughout this analysis.

*These statements are true for the types of surfaces being considered here, i.e., those
which satisfy the restrictions imposed in the preceding section.
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Now, let us collect all of the terms from (23a) and (23b) which are of

first-order in koC, C,, C,, A, (:1 and C They are:

14 b(h,o)C + CZ + P! '(h,o) - AL bs b(h,o)C + 7'1 [ "-

(Is, c()a C nj•(m,n) - o (28s)' {[I ( +Lhni + Ana +h)]'

-mn C "Ex(mn) O - 0 (26b)

In equation (28s) above, the terms multiplying ib(h,O)C are identically

the same terms as appeared in Equation (24); they are equal to zero, at least out

beyond the second order. Hence, Equation (28a) becomes

1 b(m + hn)lA(') k (m + h) C(>) Ex(mn) - 0 (28c)

The surface slopes Cx and Cy can be written as a series in the oigenfunctions

Ex(m,n) by differentiating Equation (11):

C. .• - P(m,n) Ex(m,n); y in P(,•n) Ex(m,n) . (29)

When these expressions are substituted into (28b) and (28k), one has a

series whose terms each contain the same eigenfunction Ex(m,n) as a factor. In order

for such a series to be zero, each term must be identically equal to zero . The

following two equations are obtained from this procedure.

l + •b(m + h.n)j AM .(m + h-a C(1) - -ins P(m,n) (30a)ks mn ko mn

S+ .b(m + h.n) B n(1) na CG) , -1(3

Rpeeted abov are tw qains intreukonAmnBm n
Represented above are two equations in three unknowns, A(I B~ and

C(M . To this we can add a third independent equation by using the divergence

condition (i.e., V • E - 0) with Equations (14a,b,c). The m,n - 0 terms give (25).

All higher terms when equated to zero give the following identity:

(m +h) a A() + na B() + b(m + h,n) CMn . 0 (30c)

*This result can be proved formally by integrating the series over the range of x and
y, i.e., from -L/2 s x,y f L/2.
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Now we have three equations in three unknowns. They are most easily solved

by expressing CM in terms of AM and BM using (30c). This then when substituted
mn rol •Binto (30a) and (30b) leaves two equations in two unknowns, which are then readily

solved by elimination. The final results for the first-order perturbed field coef-

ficients are:

(1) NA PN);BI NB () (m+h)CNA " naNB

AM ! u P(mn);B• - ! P(m,n); C(') - P(m,n) (31)um D am D mn b(m + h,n)D

where

NA =-ims1 + Atb(m+ h~n) n~aa )] + A(m + h)na(VAko +kob(m + h,n)) + inskbm+hn (32a)
k~b~mk+bhm + h,n)

r+ b(in + h~n) (mn + W)as A(m +h)na 2 (3bN .,,,< + At,- + + i (32b)i ko kob(m + +iflI]kob(m + h,n)

D " + A(b(m + h'n) + (mi + h) 2 ah' 1 + alb(" + h.n) n~a2

kob(m+ko kob(m + h,b)L

O N,• + h)4a 6n(a32
"k8b'(m + h,n)(32)

Several facts are worth noting in the above equations for the first-order

coefficients of the perturbed fields. First of all, the quantities NA, NB, and D

contained in the factor before P(m,n) are functions of the scattered-field propagation

directions and the surface material properties; the former directions are determined

by (m + h)a and na, while the surface matefULW properties are represented entirely

by the normalized surface impedance, 4 These quantities do not depend upon

the surface roughness profile. The dependenle upon this profile is contained entirely

in the factor P(m,n). The latter, recall, is the mn-th Fourier coefficient in the

expansion for the surface height, as expressed in (11). Hence, the strength of the

scattered plane wave in the direction defined by (m + h)a, na, is directly proportional

to the m,n-th Fourier component of the surface height (to the first order). If a

surface-height component corresponding to m,n is zero, then A in B aI and C are
mnn inn

zero, meaning chat no scattered wave propagates in the direction defined by (m + h)a,na.

The theory of scatter from slightly-rough periodic surface dates back to Lord

Rayleigh[ 4 5 ]. He derived expressions similar to (31) and noted that scatter took

place in unique directions, or lobes, determined by the Fourier components of the

surface and the length of their periods with respect to the wavelength.
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Let us recall that the object of the present analysis is the derivation of
A0 0 ; it is the average of this coefficient which contributes to the surface impedance,
as seen in (18). To the first order, however, AM is zero. This is true because(1) 00

A00 is directly proportional to P(0,0), i.e., the DC or mean height of the surface
C(xy) above the x-y plane. The x-y plane was chosen to be the mean plane, however,
and hence P(0,O) is identically zero. Thus we see that A00 can be no greater than
second order. It is for this reason that second-order terms were retained in the
equations.

7. Derivation of the Second-Order Coefficient A(2)
00

As shown in the preceding section, the contribution of the roughness to
the surface impedance is contained in A(2) AM Is Identically zero. Hence, we)00 00@hell determine A 00 in this section from Equations (23). While it is possible to00•2 d (2) (2)determine all of the general second-order coefficients, A'', B a) C2), this willmie m m' me
not be done here; they are not necessary for our purposes.

It turns out that A(2 ) can be determined entirely from (23a). Keeping with00
the perturbation technique, let us gather the second-order terms in (23a) and equate
them to zero.

-I b(hO)CO[A b(h,0) + hal + Z Iib(m + hn)CAz (2A ] Ex(mn)

- o + ib(h,)Co; + C, X Ex(m,n) - I - •, {B2) i(, + h).

- M in&} Ex(m,n) . - {ib(m + hf)C[ AMib( + h,n) CM i(m + h)n] + [A')ibm( + h,n)

-C
2 i (m + h)n] } Ex(m,n) + a + C) (ib(h,0) - iha)]. (33)

The first term containing Ca is zero because the factor in square brackets
is zero, as seen from (24). Also, using (24), the last term can be simplified, since
the factor ib(h,0)A - iha is -ikO.

Now, let us group the unknown, second-order coefficients A 2 ) and C 2)mm mm
appearing in (33) together on the left side of the equation. The result is
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+ Ab(m + h.01) A (2 a (m + h)a (2 Exma+ikA

Z{[ib(m + h,n)C (I+ & b(m + h~fl)> A!S A~l + A (m a CY B(1

[+b~ + h,n) CA( o+~ + C~j cn 1. Ex(m,n) .(34)

The right side of the above equation will involve double summation sets.

In order to employ the orthogonality relationship of the aigenfunctions, Ex(m,n),

more effectively it ia convenient to rearrange the double aummnation. "The examples

below illustrate the procedure.

a (LOS) (iYa) P(ci,0) P(Y,C) Ex(O + Y, 0 + C)

Z ie(m 4kA) (is*t) Pmft,) P(m m 4k, n - A) Ex(ua,n) (3a

inm~n

~ ~ ib(Ak + h,l) A(' P(m - A, n - )Ex(m,n) .(35b)

u, a

Likewise, the remainder of the terms on the right aide can be arranged so that the

factor Ex(m,n) appears explicity. An a result, the right aide of (34) then becomes:

[(a)ia(m - )-(iaA) ia(n - A)] P(*,A) P(m- k,n.A) Ex(m,n)

+ ikoA 11 ia(m - 4k) P(A,A) P(m - A, n - A) Ex(m,n)

Z{,A(') [ib(A + h,A) + a 02(h + hA) 4 ia'a~n - P) 1+ BM' A U21+ h)(n - t)

+ M [ia(m - k) - A 00( + h.A)ia(ft + h)]Q P(m - A,n - A) Ex(m,n) . (36)
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Recall, we are interested in finding A (,2) i.e., the second-order coefficient

for a a - 0. This can be readily done by invoking the orthogonality of the Ex(m,n)

functions over the square region of interest. As a result of this relationship, the

coefficients of Ex(0,0) on each side of the equation are equal.

The left side of (34) becomes

+ A b(h.0) A -(2) hko ) 00 A 'Cu00

This result can be simplified further. First of all, C0 0 is zero, by definition, to

all orders; this definition is merely one possible normalization, as discussed after

Equations (14). As seen above, it is a logical selection because it results in a

convenient separation of coefficients. Secondly, the term A is of second orderk~obh0 .. b.. 0

compared to unity. This is evident from (25) where we see that h . k .

-A - A00(2 . Hence, it can be neglected compared to unity, to the order of the analysis

here. Then the left side becomes merely A•2 J
00

When we group the terms on the right side of (34), as shown in (36), which

multiply Ex(0,0), we have the resulting equation for A (2)

0 )- -ib(A + h,L) AM + "hl C + A 1s + 2  P(AA)

#b
2A 

'Z)'' 

jaf 
_________

[(-a l+ + ib2(A +h)AM) + i2(h+ h)t BM1 ) + ib(A + h..A)a(A + h) koC.)fM.

In the above equation, the terms in the first set of squ, 4rbrackets

7
within the sumation are the lowest-order terms in the surface,-fmpedance, A. For a

perfectly conducting rouigh surface, A - 0, and only these frst terms are left. Hence,

the riemining terms represent the contribution due to the finite conductivity of the

surface material, correct to the first order in A.

At this point, we can employ the expressions derived earlier for the first-

order coefficients m (1 and c(1); these are shown in Equations (31) and (32).

When they are substitubed into (37), considerable algebraic simplification is possible.

Sparing the reader the details, we write the final expressions for the various terms.

In reducing the expression in the first set of square brackets, we preserve

terms up to A. The final result is
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Lb(fk + h, 1) Akl) + la4% C~l r k.0 0' a i- (asA2 + a2L2)] (L

AA ~ AL L~b(4 + h , A) D t,) +D( AL) ,A

(38a)

where D(A,L) is given in (32c) with m,n there replaced by ft,A.

The expression in the second set of square bracket. is already expressed

in the form we desire. That in the third set of brackets can be simplified, and only

terms of'zero-order in A need be retained because the expression is already of order

A due' to this multiplicative factor. Thus to the lowest order, the expression within

these third brackets becomes

r Icoaft
L ) + 0(A)] P(ft,,) (38b)

Using the simplifications expressed in (38), Equation (37) can thus be

written as follows:

G+ hA)D(" ) + A6 _ D(A,A)

+ (kcaft + a "fts - aCs)JJ 1 PoftL) is (39)

In addition, the expression D(l,A) can be reduced, ond to order A, it

becomes

D(4,A) -" 1 +b( o a O + h,) 1)ko + 1 (40)

Thus, we have obtained an expression for A(2) in terms of a summation of00
terms in the square of the Fourier coefficients of the surface height. This constant,

as shown in (18), is the contribution to the surface impedance due to the presence

of the roughness. Since terms are retained to order A in A(2)one can observe the
00 1

effects of finite conductivity of the surface material on the roughness contribution.

When the material is such that jAl is large, Equation (39) is obviously inadequate

to describe the effect of roughness. The second term in (39) provides a first-order

correction in 4 for moderately small values of this parameter.
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8. Average Surface Impedance

Equation (18) expresses the overall effective surface impedance as the

sum of A, the constant impedance of the surface material in the absence of roughness,
plus he aerag of (2)

plus the average of A0 which is the effective contribution due to roughness.
00

Before proceeding to take the indicated average, it should be noted that there may

be some cases where an average is not desired. Equation (39) expresses A (2) exactly,

in terms the coefficients of the Fourier expansion for the surface profile. If this

surface height profile is known exactly, these coefficients can be determined exactly,

and (39) represents a deterministic result . For example, if the surface profile is

a pure, one-dimensional sinusoid, then C(x) can be expanded so that only two terms in
A(2)cosssoonytoerthoe

the series (11) are non-zero. In this case, A00  consists of only two terms, the one

which has A a- ±1, 4 - 0.

The sea surface is an example in which the exact height profile is neither

known deterministically nor constant over a very long period of time. Hence, it is

one situation in which an average is the only meaningful description of the effects

of the surface on propagation. To take the average of (39), we shall employ the

definition of the height spectrum W(p,q) in terms of (IP(m,n)lI), as expressed in

(12b). In addition, we allow the sumatiton over h,A to approach an integral, in the

same manner as was done in (13). Understanding here that p - aft - 21TR/L, and

q - a- 2T?7/L, we obtain the following result for (A()), and hence

S-A + (2)"A-A+A0 0

or

A- +4 J F(p,q) W(pq)dpdq , (41)

where

F(p,q) - P' + bA(Pa + )- k +p) + + kop , (42a)
b' + A(b'- + 1) \2/

b ok• - (p + kT)' - q7 , (42b)

*The validity of the result is still dependent upon fulfillment of the restrictions
described in Section 5 above, of course.
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and W(p,q) is the two-dimensional surface height roughness spectrum; it is a function

the spatial wavenumbers p,q corresponding to the x,y directions and is defined in

terms of the height correlation function in (13b). In obtaining the above expressions,

we also used the approximation that ha - ka; this is valid so long as A is smell

compared to unity, as seen from (26).

As a check on (41), if we permit A to approach zero in (42a), we obtain

F(p,q) - pa/b', and

1 A rnA p'W(p.q)dpdqb4+ 4 im + i (43)

this result was derived from an integral equation technique by Feinberg in 1944[201,

[81and repeated by Brewmer * In addition, if we permit the surface to become perfectly

conducting so that A approaches zero everywhere, (43) consists only of the integral;
1231this expression -hecks with that of Rice2, who initially assumed a perfectly

conducting surface. Hence, we have in (41) an expression valid to order A for

imperfectly conducting, rough surfaces.

9, Physical Interpretation of Roughness Contribution
to Surface Impedance

Equations (41) and (43) show that the contribution of the roughness to the

surface impedance is represented by the integral. To better understand the inter-

action of the guided wave with the roughness, let us consider first the simpler form

of the integral, i.e., that in (43), which is valid when the surface is perfectly

conducting. The height spectrum, W(p,q), is always a positive real quantity. Thus

the nature of the integral contribution depends entirely upon the denominator, i.e.,

b' = 1- 2- + l) - k2,7 This quantity can be either sure real and positive or

purely imaginary and positive, depending upon whether (-P-) is less than

or greater than unity.

This can be better illustrated by referring to Figure 3. Let us separate

the contribution to A of the integral into two parts, RA - LX , The contribution R

comes entirely from that part of the height spectrum lying within the unit circle

centered at - - -1, - - 0. If there are no roughness spatial frequencies, or waves,

within this region, then the resistive coitribution is zero; these spatial frequencies
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must thus be less than 2ko. Physically, this statement means that-only ocean waves

longer than - can contribute to the resistive portion. From a study of scatter from2 14 21
this type of surface[ 4 134 ], it has been shown that waves whose lengths are greater

than X/2 are responsible for scatter. Hence the interpretation of the resistive
portion becomes clearer; longer ocean waves whose wavenumbers lie within the circle

are responsible for removal of energy from the guided wave and scatter of this energy

into all directions in the upper hemisphere. This energy removal produces an increase

in the resistive term of the surface impedance.

On the other hand, if there are no ocean waves whose lengths are greater

than a half-wavelength (i.e., which lie outside the unit circle), then the roughness

contribution to Z is purely reactive; in addition, it is always an inductive

reactance. From scatter theory[ 4 1' 4 2], roughness waves of these shorter lengths do

not scatter (at least to the first order in koC, the roughness height). Hence, this

higher frequency roughness produces a perturbation on the local field at the surface

which exists only at and near the region between the waves; since there are no

scattered propagating fields removing energy from the guided wave, this effect should
be evident only very near the surface. The perturbed modes in this case are not

propagating, but evanescent, because the only coefficients A (1), B ') and C 1)

which are non-zero are those whose wavenumbers am, an are such that b(m + h,n) is

imaginary, and hence, the exponential eib(m + h,n)z in the perturbed fields (Equations

14-16) is attenuating in the +z direction above the surface.

This reactive nature of surfaces with short roughness periods is confirmed

by many studies on corrugated surfaces, and especially, surfaces with rectangular

slots or ribs 14 6' 331 . Elliott's analysis 1 4 61 in based upon Floquet's theorem (as are

many other similar treatments), and employs an approximation of the field between

the ribs. The approximation is valid, Elliott points out, when there are more than
[33]ten corrugation periods per radio wavelength. Wait feels this requirement can

be relaxed to five periods per wavelength. These analyses then show that the dominant

guided mode has a wavenumber which can be related to an effective, purely reactive

(inductive), surface impedance. The slots or ribs act as resonators in this case.

The analysis we used here cannot be used to analyze such structures, because of the

requirements we imposed in Section 5 above demavds that the surface slopes be small.

A ribbed surface has infinite surface slopes at the edges or walls of the ribs.

Nonetheless, the two different techniques both lead to reactive surface impedances
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when there are more than two surface periods per each radio wavelength. We shall see

later that the reactances predicted by our analysis are well below those applicable

to ribbed surfaces with similar heights but whose walls are vertical; such a result

is expected, because more sloping sides will reduce the resonator effect between

teeth.

When the surface is not perfectly conducting, finite fields can exist beneath

the surface as well as above it. This fact is accounted for by the Leo Yich

boundary condition and the use of a non-zero surface impedance, (A One of.
fect of this finite impedance is in evidence in the denominator of the integra in (41);

the donominator does not go to zero on the unit circle in Figure 3. This fact makes

for easier numerical integration in the vicinity of this singularity. Results later

will show, however, that the effect of the additional terms in (42a) is to increase

slightly both the resistive and reactive portions of the effective surface impedance.

E. Numerical Determination of Effective Surface Impedance
for Two Ocean Wind-Wave Models

1. Background

The roughness present on the ocean surface is due almost entirely to the

wind blowing across the water, Oceanographers have found that to excite ocean waves

of a given spatial period, L, a wind with velocity greater than N 'must blow for

several hours (g is the acceleration of gravity). If the wind does not reach this

given speed, then waves of this length are simply not present. If the wind speed does

exceed this speed, the heights of the waves of period L remain constant, relatively

unaffected by any further wind increase. Hence the shorter ocean waves are the first

to be excited by an increasing wind, but after aroused, the height of these short

waves remains fixed. In this sense the ocean wave-height spectrum is said to saturate

with wind speed.

The saturated height vs spatial period for ocean waves has been the subject

of experimental and theoretical studies to oceanographers for many years. Two recent

monographs on ocean waves provide an excellent discussion and review of experimental

evidence on this subject (Kinsman35 and Phillips 47). Over the pest 15 years, several
empirical models have been proposed, and two of these have found relatively wide

BATTELLE MMON,.AL INSTITUTE - COLuMBUS LAURATOtoMS



43

acceptance'. They differ mainly in the "power law" followed at saturation and in the

shape of the long-wave cutoff vs wind speed. They are the Neumann-Pierson and the

illipe spectra.

It is not entirely correct to say that the ocean-wave heights at a given

point on the sea are due solely to the winds that have blown across this point.

Waves generated in a given area can and do propagate to portions of the ocean which

have had considerably different wind histories. This is especially true of the longer,

faster moving ocean waves. The roughness in a given area due to winds in other areas

is known as swell. The ocean-wave spectra models to be discussed below neglect swell

as a source of roughness, and relate the ocean-wave heights to the winds above that

surface area. This oversimplification should be kept in mind before placing too much

confidence in the wind-dependence of the effective surface impedance.

2. The Neumann-Pierson Spectrum

Neumann and Pierson first suggested a model which seemed to fit wavemeter

measurements about 15 years ago. Their model was an isotropic temporal spectrum in

which the saturated value is related to the temporal radian wave frequency as w-.
To this they added a "guesstimated" lower and continuous cutoff function, since it

seemed unreasonable to them that the cutoff should be abrupt. The resulting empirical

law can be converted to an isotropic spatial spectrum. Kinsman35 proposes a reason-

able extension of this to produce a directional spatial spectrum with a cosine-
squared dependence about the wind direction in azimuth. The spatial spectrum then

has the form

C(g cosa + q sina)s
W(p,q) - /(na) exp['2g/(U2/p +-qm )J , (44)

where U is the wind speed, g is the acceleration of gravity (9.81 m/s 2 ), and C is a

constant empirically estimated to be C " 3.05 ms/se. The wind is assumed to be blow-

Ing in a direction a with respect to the x-axis, and hence the main ocean waves move

along this direction. The spectrum above is assumed non-zero by Kinsman only in the

*Isotropic means that ocean wave direction is not recorded and/or present. Some
directionality would be expected, %itth dominant ocean waves moving in the wind
direction. Unfortunately, too few measurements have been made to make a strong case
for any given directional dependence.
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half-space into which the wind is blowing; this is reasonable, for one would expect

nearly all of the waves to be driven in the wind direction. The smen-square height

of the ocean waves from the spectrum is oa - - C(.2)/2 -(U/2)B.2

We now employ (44) in Equation (41) and evaluate the Integral numerically

for the two extremes in wind (and wave) direction: a - 0, representing radio

propagation along the dominant water-wave motion, and a - n/2 representing propagation

across the dominant water wave diroction. We call these two Casea the upwind-dow••ind

and crosswind directions respectively. In the integration, we divide (44) by two and

assume the spectrum exists over all space instead of over only the forward wind half.

This is necessary because at a given instant, the sea profile will appear "frozen"

to a radio wave, and it will not be possible to tell from this profile whether the

waves are moving forward or backward.

Figures 4 and 5 show the curves of the resistive (solid lines) and reactive

(dashed lines) portions of the normalized effective surface impedance, I. The sea

water is assumed to have a conductivity of 4mhos/meter, which is th2 average between

the winter and summer values in the Atlantic. The curves indicate that the most

severe changes in surface impedance occur for a radio wave propagating in the direction

of the dominant ocean waves (i.e., across the corrugations), as one would expect.

These curves are really only valid out to frequencies and wind speeds such that

k0cr << ,* since this is one of the assumptions of the analysis. For example, the

curves could be used up to a frequency of about 30 MHz with a wind speed of 25 knots.

3. The Phillips Spectrum

Ocean-wave data gathered in recent years have led many oceanographers to47 48ps4
search for an alternative to the Neumann-Pierson spectrum, Phillips and Hunk48

have presented convincing evidence to show that the spatial spectrum should

behave as (pa + q 2)-S, instead of the (p 2 + q2)-9/4 dependence of Equation (44) for

large pa + q2. More important, however, measurements show that the lower-end cutoff

is much more pronounced than the artificial exponential factor attached to the

Neumann-Pierson model in (44). Thirdly, slope measurements by Cox and Hunk49 show

that the spectrum is much closer to being isotropic than the cosine-squared direction-

ality of (44). Hence, they suggest the following spectrum47

*kla2 - 3/2 C k1 (n1/2)3/2 (U/2g)s

,ATTELL.. MMORIAL INSTITUTE - cOLUMOUS LABORATORIES



a?

La . s

I /A

4,

Co

c~c

-00

0 01 0000

IUpeW LiJf IPOZIIOWJON



300

-100

c00.

I I I0.I i

9 0)

0l U 4i

Ingn

0 0
0 0 d:

O~uOe~wIOODJn~ ~z(IWJO



47

4B
W(pq) - 1r(p+ qa)a (45)

where B 0.005. The spectrum is identically zero for vp + "1- < g/U2 and also in

the half-space from which the wind is coming. The cutoff exhibited by (45) is much

sharper than that of (44).

We use (45) in a numerical evaluation of (41), and the results are shown

in Figure 6. As before, we divide (45) by two since the "frozen" surface profile

must produce a symnmetric spectrum about the origin. For (45), the mean-square height

is 2 B UG/g2. Since the curves are meaningful only for ko2 << 1, they can be

used for frequencies up to about 40 MHz with a wind speed of 25 knots. Again, the

conductivity of the sea is taken as 4 mhos/meter.

In comparison, the upwind-downwind impedances from the Neumann-Pierson spec-

trum are the largest. The impedances from the Phillips spectrum are reasonably close

to those for the upwind-downwind direction with the Neumann-Pierson spectrum. Those

for the crosswind direction of the Neumann-Pierson spectrum are the smallest, as

expected. Until experimental evidence is obtained, we believe that the Phillip's

impedances are perhaps the best estimate of the three.

F, Basic Transmission Loss Calculations

34
In the spirit of Wait's analyses , we can use the effective (or equivalent)

impedance, A, in the integrals for ground-wave propagation. To facilitate the
36

calculation, Berry and Chrisman of ESSA have prepared a computer program which

solves this integral for the field strength above a spherical earth. The program

selects one of three techniques for solving the integral, depending on whether the

observation point is clearly visible to the source, in the penumbra, or in the deep

shadow. In the visible region, a saddle-point evaluation is employed. In the

penumbra, the computer does a complex numerical integration around a contour enclosing

the poles of the integrand. In the deep shadow region, the residue series is used; it

involves Fock's forms of the Airy functions and their roots rather than the Hankel

functions of one-third order, as used by Bremmer and van der Pol. The computer output

has been checked against Norton's cuzrves ard also against the known solutions in the

visible region, and the results agree.
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We employ this computer program to account for sea-state effects with the

following minor modifications: (I) we alter the input format so that surface

impedance, A, can be used rather than conductivity and dielectric constant, and

(ii) we add another variable to the output, basic transmission loss, L.0.

Basic transmission loss is a concept widely publicized by Norton 50,1 in

the 1950's. Formally, it is defined as
L-10Lio- (46) .. ,

ri

where P is the power transmitted by an isotropic radiator and P 1 is the power

received by an isotropic radiator. In a simple cosmmunication problem, one must merely

subtract out the free-space antenna gains (in dB) in order to determine the overall

power loss. For example, the basic transmission loss between two points in free

space separated by distance d is 10 Loglo (4rd/X) 2 ; if the same two points are located
above a flat, perfectly conducting ground plane, the 4 is replaced by 2 in the

parentheses. The presentation of ground-wave attenuation in the form of basic trans-

mission loss appears to be more readily interpretable and useful than many of the

earlier ground-wave normalizations (e.g., unity electric dipole, I kW transmitted

power, field strength one mile from the transmitter, etc.). Examples illustrating

the application of these basic transmission loss curves will be provided in the next

section.

For reference, we show curves of basic transmission loss just above a per- ,
fectly smooth, perfectly conducting planar surface in Figure 7, as a function of range.

The values for loss shown are essentially 6 dB lower than the loss through free space

because the vertically polarized field radiated by an isotropic source on the surface
is twice as large with the plane present. Figure 8 shows the basic transmission loss

over a perfectly smooth spherical sea vs range. These curves were computed from the

ESSA ground-wave program, using Cr a 80, a = 4 mhos/meter, and effective earth radius

- 4/3 actual earth radius. The former conductivity is typical of sea water in the

Atlantic ocean. The curves are calculated for frequencies spanning the HF and lower

VHF regions. At short ranges, the curves of Figure 8 coincide with those of Figure 7,

as they should.
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To clearly show the effects of sea state and separate them from the normal

attenuation experienced by a ground-wave above a smooth spherical sea, we compute

the difference between Lb for the smooth aea, as shown in Figure 8 and Lb for the rough

sea. The latter Lb for the rough sea is computed from the ESSA program using the

values of A (surface impedance) obtained earlier, accounting for sea state. The

difference in transmission losses between the smooth and rough sea is termed Lss,

and shown in Figures 9 through 32. Again, the conductivity of the sea water is

taken as 4 mhos/meter and the effective earth radius factor (accounting for refractiv-

ity) is 4/3. The source and receiver are both assumed to be located at the surface.

Eight frequencies are selected (3,5,7,10, 15, 20, 30, and 50 MGz) which span the HF

and lower VHF region. Figures 9 through 16 represent the Neumann-Pierson oceen

spectrum for propagation in the upwind-downwind direction; Figures 17 through 24

use the same spectrum, but for propagation in the crosswind direction. Finally Figures

25 through 32 present results for the isotropic version of the Phillips ocean spectrum.

Figures 33 through 42 show a profile of basic transmission loss to various

points on and above the earth's surface. The source is assumed to be located at the

surface. The first number at each grid point represents the transmission loss when

the sea is perfectly smooth, while the second number represents the transmission loss

for Sea State 5 (25 knot wind) using the Phillips spectrum.

V. EXAMPLES OF THE USE OF THE GRAPHS

A. Surface-to-Surface Communication Problem

A shore station with an array antenna is to communicate with a ship 300 km

wjay on a frequency of 10 11Hz. The shore-based array has an equivalent free-space

gain of Gt - 17 dB and the shipboard antenna has a free-space gain of G r ' 6 dB

when the two beams are optimally aligned. The shore station transmits an average

power of 1 kW. We are to find the total power at the receiver terminals before

amplification for (a), a smooth sea, and (b), a sea generated by a 25-knot wind.

"*This means that the gains are measured or calculated as though the antenna were
isolated in free space rather than being located over a highly conducting ground.
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The total loss is given as

P10 IASI o - Lb - t - Gr (47)

From Figure 8, we find that at 300 kin, L. - 121.8 dB for a smooth sea; using Figure 28

we note that this increases to 132.7 dB for a sea driven by a 25-knot wind. Hence,

Lb - Gt - or - 98.8 dB and 109.7 dB for these two sea conditions. Thus, for Pt I 1 kW

(average), Pr - 1.3 X 10"7 Watts (average) when the sea is calm, but drops to Pr

1.1 X 10- Watts (average) in rough seas produced by a 25-knot wind.

B. Surface-to-Air Comuunication Problem

Here let us consider a ship-to-air communication application. The frequency

is 20 MIlz. We wish to determine the signal power received by an aircraft at 500 meters

altitude (about 1500 feet) and 270 km away from the ship during calm sea conditions'

for 500 watts transmitted power. Furthermore, we wish to estimate how much higher

the plane must fly it that range to receive the same signal power when the sea is
aroused by a 25 knot wind. Possible ionospheric reflections are not to be included

in the signal estimates. The aircraft free-space antenna gain is about 6 dB.

For the smooth-sea problem, we employ Figure 40 to find the basic trans-
mission between two isotropic sources, one located on the surface and the other at

500 meters altitude and 270 km range. This Is given by the first number at the

appropriate grid point on the chart, i.e., Lb - 145.7 dB. Then using Equation (47),

we find that the received power will be P r 1.35 X 10-11 watts.
r

At that same altitude, we see from the second number at the same grid point

that the transmission loss increases to 153.9 dB when the sea is fully aroused by a

25 knot wind. This 8.2 dB drop in received signal, however, can be recovered by

climbing in altitude to the next grid point (i.e., 1000 meters or 3000 feet), at which

the loss drops back to 145.1 dB, near the original 145.7 dB figure for the smooth

sea.
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VI. SUNHARY

This report has had one principal purpose throughout: to derive some

estimates of the effects of sea state on ground-weve propagation at HF and VHF.

At the outset oaf the analysis it was established that the only truly applicable

boundary condition is-the*Leontovich, or impedance boundary condition. This

boundary condition, when applied to the sea, correctly accounts for the slight losses

associated with the finite water conductivity. With this boundary condition, the

derivation followed the classical statistical boundary perturbation approach

developed by Rice. The effective surface impedance accounting for the roughness

was derived in this manner for a vertically polarized wave which appears to propagate

locally over the surface at the pseudo-Brewster angle. Since the ground wave

propagates locally at this angle, the effective surface impedance thus derived can

be used in any of the conventional treatments of radiation and propagation over a

spherical earth with an impedance boundary.

The effective surface impedance obtained here is seen to consist of two

tarms: one which is ohe impedance of a otherwise smooth planar surface of sea water,

and the second which is due to the roughness height spectrum of the ocean waves.

This latter term preserves the conductivity dependence, and the error involved in

assuming a perfectly conducting surface can thus be clearly seen. The increase in

the surface impedance due to the roughness is due largely to two phenomena: the

resistance increase is caused by removal of energy by Bragg scatter from the ground

wave. The inductive reactance increase is due to the shorter roughness wavelengths

which do not scatter, but produce evanescent modes near the surface. The latter

phenomenon is identical to that behind the use of short-period corrugations to "trap"

energy near guiding, slow-wave structures.

The analysis presented has emphasized the electromagnetic derivation.

No attempt was mde to analyze or improve the oceanographic models for the sea height

spectrum. In order to obtain estimates of sea state effects, two commonly seen

ocean-wave spectra models were used: the Neumann-Pierson and the Phillips spectrum.

The effective surface impedance based on these two models was numerically calculated

for various frequencies and wind conditions. Finally, we used these surface impedances

in a standard program to compute the basic transmission loss across the sea vs range
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for various frequencies and winds. Of the two ocean-wave models, it is believed that

the Phillips spectrum is somewhat more justified than the Neumann-Pierson directional

model.

To illustrate how these curves can be applied to coununication problems we

traced through some sample problems. The curves can also be applied to radar

applications in a straightforward manner.

VII. CONCLUSIONS

Wind speed and the resulting ocean roughness will definitely affect the

propagation of a ground wave in the HF/VHF regions. This roughness effect is

generally negligible below a frequency of 3MHz. At 15 MHz and a range of 100 miles,

the received signal over the Atlantic is shown to vary as much as 15 dB due to sea

state. Above about 50 MHz and for wind speeds greater than 25 MHz, the techniques

derived here are no longer valid because of the assumptions inherent in the

analysis.

Any deviations of measured propagation loss from that predicted by our

curves are not believed due to any shortcomings of the electromagnetic analysis.

They are due rather to the empirical ocean-wave spectra models used here. Reliable

directional spectra, as required by our equations, have not been measured in

sufficient detail by oceanographers to permit the establishment of an empirical

model. In addition, the only isotropic spectra models available are based on wind-

driven seas and do not include the effects of swell generated by storms in other areas.

There is at present no reasonable estimate of the error resulting from this neglect of

swell.

Measurements of ground-wave losses over the sea are in progress and results

should be available for comparison in the near future. As these measurements are

being made, Raytheon is also recording the sea conditions for correlation with the

signal strength. Along with their measurements of radar sea clutter, this data could,

as a by-product, provide welcome information about the ocean-wave spectrum.
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APPENDIX

Ground-Wave Bibl iography

The subject of ground-wave propagation across the earth is one of the most

widely treated technical subjects of this century. We attempt to list here most of

the principal open-literature publications relating to this subject. We apologize

for omissions, of which there are certainly many. The list here has invariably

failed to include many reports, even of an unclassified nature, as well as many

foreign articles on the subject.

The bibliography does not include treatments of the effects of the ionosphere

or atmosphere. Nor is ground scatter (clutter) considered.

So as to show the historical evolution of the subject, we break the biblio-

graphy into decades. All of the publjcations generated within a given decade are

then arranged alphabetically by author.

Before 1911

Epstein, P., "The Propagation of Waves in Wireless Telegraphy, Taking Into Consider-
ation the Nature of the Ground", ýahrbach d. Drahtlosen Telegraphie, Vol 4, No 2,
pp 176-187 (December 1910).

Hack, F., "The Propagation of Electromagnetic Waves Over a Plane Conductor", Ann.
Phys. Lpz., Vol 27, p 43 (1908).

Koepsel, A., "Role of the Earth in Wireless Telegraphy", Dingler's Polytechn. Journal,
Vol 318, pp 385-388 (June 20, 1903).

Nickolson, J, W., "On the Bending of Electric Waves Round the Earth", Part I, Phil.
M Vol 18, p 757 (1910).

Nickolson, J. W., "On the Bending of Electric Waves Round the Earth", Part II, Phil.
MR.. Vol 20, p 157 (1910).

Sommerfeld, A., "The Propagation of Waves in Wireless Telegraphy", Ann. Physik, Vol 28,
p 665 (1909).

Sommerfeld, A., "The Propagation in Wireless Telegraphy", Jahrbach d. Drahtlosen
Telegraphic, Vol 4, p 157 (1910).

Soummrfeld, A., "Uber die Fortpfanzung electrodynamischer Wellen langs sines

Drahtee", Physik u. Chem. Vol 67, p 233 (1899).
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Zenneck, J., "Uber die Fortpflanzung ebener electromagnetisher Wellen langs einer
ebenen Leiterflache und ihrer Beziehung zur drahtlosen Telegraphie", Ann. Physik,
Vol 23, pp 846-866 (1907).

"Marconi Signals Across the Atlantic", Elect. World, Vol 38, p 1023 (1901). Editorial
Couent.

1911-1920

Hove, G. W. 0., "On the Transmission of Electromagnetic Waves Through and Around the
Earth", Electrician, Vol 72, pp 484-486 (December 26, 1913).

Love, A. E. H., "Electric-wave Transmission over Earth's Surface", Roy. Soc.. Phil.
Trans.. Vol 215, pp 105-131 (1915).

MacDonald, H. H., "Electric Wave Transmission on the Earth's Surface", Roy. Soc..
Proc, Vol 92, pp 493-500 (August 1, 1916).

MacDonald, H. H., "Transmission of Electric Waves Round the Earth's Surface", Roy. Soc..
Proc. Vol 98, pp 216-222 (December 3, 1920).

Nickolson, J. W., "On the Bending of Electric Waves Round the Earth", Part III, Phil.
ia.. Vol 21, p 62 (1911).

Nickolson, J. W., "On the Bending of Electric Waves Round the Earth", Part IV, Phil.
M., Vol 21, p 281 (1911).

Nippoldt, A., "Air Conductivity Over the Pacific Ocean", Terrestrial Magnetism, Vol 17,
pp 33-41 (March 1912).

Rybczynski, W. V., "Propagation of Wireless Waves Around the Earth's Surface", Ann.
Physik. Vol 41, No 1, pp 191-208 (May 22, 1913).

Soimerfeld, A., "Ausbreitung der Wellen in der drahtlosen Telegraphie, Einfluss der
Bodenbeschaffenheit auf gerichtete und ungerichtete Wellenzuge", Jahrbach d,
Drahtlosen Telegraphie, Vol 4, pp 157-176 (1911).

Sommerfeld, A., "Effect of the Earth's Curvature on Wireless Telegraphy", Jahrbach d.
Drahtlosen Telegraphie, Vol 12, pp 2-15 (June 1917).

Watson, G. N., "The Diffraction of Electric Waves by the Earth", Proc. Ro-. Soc.
(London), Vol 95A, p 83 (1919).

Watson, G. N., "The Tranamission of Electric Waves Around the Earth", Proc. Roy. Soc.,
Vol 95A, p 546-563 (1919).

Weyl, H., "Erwiderung auf Arn. Soumnerfelds Bemnakungen uber die Ausbreitung der Wellen
in der drahtlosen Telegraphie", Ann. Physik, Vol 62, pp 482-485 (1920).

Weyl, H., "Ausbreitung elektromagnetischer Wellen uber einem ebenen Leiter", Ann. Phys.
L Vol 60, p 481 (1919).
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Zenneck, J., Wireless Telegraphy, McGraw Hill Book Company, Now York (1915), 249 pp.

1921-1930

Ballantine, S., "On the Optimum Transmitting Wavelengths for a Vertical Antenna Over
Perfect Earth", Proc. IRE, Vol 12, p 833 (1924).

Ballantine, S., "Reciprocity in Electromagnetic Mechanical, Acoustical and Intercon-
nected Systems", Proc. IRE, Vol 17, p 929 (1929).

Barfield, R. H., "Attenuation of Wireless Waves Over Land", lEE Journal Vol 66,
p 204 (1928).

Kiebitz, F., "The Propagation of Electric Waves Over the Earth's Surface", Teleg. u.
Fernspr. Techn.. Vol 15, pp 207-214 (July 1926).

Laporte, 0., "Propagation of Electromagnetic Waves", Ann. Physik Vol 70, No 8, pp 595-
616 (April 20, 1923).

MacDonald, H. M., "Transmission of Electric Waves Round the Earth's Surface", Roy.
Soc., Proc. Vol 98, p 409-411 (March 3, 1921).

MacDonald, H. M., "Transmission of Electric Waves Around the Earth's Surface", R
Soc.. Proc. Vol 108, pp 52-76 (May 1925).

Meissner, A., "Propagation of Electric Waves Round the Earth", Zeits. f.
Hochfrequenztechn, Vol 24, No 4, pp 85-92 (1924).

Rolf, B., "Graphs to Prof. Sommerfeld's Attenuation Formula for Radio Waves", Proc.
IRE, Vol 18, p 391 (1930).

Sommrfeld, A., "Uber die Ausbreitung der Wellen in der Draetlosen TelegrAphy",
Ann. Physik. Vol 81, pp 1135-1153 (December 11, 1926).

Strutt, M. J. 0., "Strahlung von Antennen unter dam Einfluss der Erdbodeneigenscbaften.
A. Elektrische Antennen; B. Magnetische Antennen", Ann. Physik. Vol 1, pp 721-
772 (1929).

Strutt, M. J. 0., "Strahlung von Antannen unter dem Einfluss der Erdbodeneigenschaften.
C. Rechnung in zweiter Naherung", Ann. Physik. Vol 4, pp 1-16 (1930).

Taylor, J. E., "The Propagation of Electric Waves", Roy. Soc. Arts., Vol 74, pp 392-407
(March 19, 1926).

van der Pol, B., "Field Strength Formulae for Ground Waves, Derived from Somerfeld's
Equation", Abstract Wireless Engineer (and Experimental Wireless) (London), p 560
(1930); Original Tildschrift van heo Nederlandsch Radiogenootachap (1930).

van der Pol, B., and Niessen, K. F., "Ueber die Ausbreitung elektromagnatischer
Wellen uber eine ebeo Erde", Ann. Physik, Vol 6, No 3, pp 273-295 (August 22, 1930).
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Wise, W. H., "Asymptotic dipole radiation formulas", Bell System Tech. J., Vol 8,
pp 666-671 (1929).

Wise, W. H., "Note on the Accuracy of Rolf's Graphs of Sommerfeld's Attenuation
Formula", Proc. IRE Vol 18, pp 1971-1972 (1930).

1931-1940

Al'pert, Ya.L., and Migulin, V.V., "Investigation of the Phase Structure of Electro-
ingnetic Fields near the Earth's Surface", Izv. Akad. Nauk. Ser. Fiz., No 4, p 458
(1940).

Anderson, C. N., "Attenuation of Overland Radio Transmission in the Frequency Range
1.5 to 3.5 Megacycles per Second", Proc. IRE, P 1447 (1933).

Barfield, R. H., "Some Measurements of the Electrical Constants of the Ground at
Short Wavelengths by the Wave-Tilt Method", IE4E Journal, Vol 75, p 214 (1934).

Brown, G. H., "Vertical vs Horizontal Polarization", Communications, Vol 13, No 10,
p 20 (1940).

Brown, G. H., Lewis, R. F., and Epstein, J., "Ground Systems as a Factor in Antenna
Efficiency", Proc. IRE p 753 (1937).

Burrows, C. R., "Addendum to Radio Propagation Over Plane Earth - Field Strength Curves",
Bell System Tech. J. p 574 (1937).

Burrows, C. R., "Existence of a Surface Wave in Radio Propagation", Nature, Vol 138,
p 284 (1936).

Burrows, C. R., "Radio Propagation Over Plane Earth-Field Strength Curves", Bell
System Tech. J. p 45 (1937).

Burrows, C. R., "Radio Propagation Over Spherical Earth", Bell System Tech. J., p 477
(1935). Also, Proc. IRE, p 470 (1935).

Burrows, C. R., "The Surface Wave in Radio Propagation over Plane Earth", Proc. IRE,
Vol 25, p 219 (1937).

Chakravarty, M. K., "The Surface Wave in Radio Propagation over Plane Earth",
Sci. & Cult., Vol 3, p 331 (1937).

Colwell, R. C., Friend, A. W., Hall, N. I., Hill, L. R., "The Velocity of Radio
Waves", (Letter to Editor) Physical Review, p 381 (August 15, 1936); Nature, p 978
(December 5, 1936).

Eckeraley, T. L., "Direct Ray Broadcast Transmission", Proc. IRE, Vol 20, No 10,
p 1555 (October 1932).

Eckersley, T. L., and Millington, G., "Application of the Phase Integral Method",
Phil. Trans. Royal Soc., Vol 273, p 237 (1938).

BATTELLE MEMORIAL INSTITUTE - COLUMEUS LAORATORIES



A-5

Eckeraley, T. L, and Millington, G., "The Diffraction of Wireless Waves Round the
Earth", Phil. Maa. Jour. of Sci., Vol 27, p 517 (May 1939).

Epstein% P. S., "Bending of Electromagnetic Micro-Waves Belay the Horizon",
Naot Acad. Sci.. Proc. Vol 21, pp 62-68 (January 1935).

Farmer, F. T., and Mohanty, 11. B., "The Velocity of Propagation of Wireless Waves
Over the Ground", Proc. Physical Soc. (London), Vol 52, Part 4, No 292 (July 1, 1940).

Foster, R. M. ,,'"utual Impedance of Grounded Wires Lying on the Surface of the Earth",
Bell System Tech. J,, Vol 10, pp 408-419 (1931).

Grosskopf, J.,' "Concerning Some Observations in the Case of Field Strength Recording
in the Short Wave Range", Telegraphenfernsprechfunk und Fernsehtechnik, Vol 29,
No 5, pp 127-137 (1940).

Hallen, E., "Theoretical Investigations into the Transmitting and Receiving Qualities
of Antennae", Nova Acta Regiae Soc. Sci. Upealiensis, Vol 11, p 1 (1938).

Higgy, R. C., and Shipley, E. D., "A Study of Ground Wave Radio Transmission", Proc,
IRE, Vol 24, p 483 (March 1936).

Hove, G. W. 0., "Tilt of Radio Waves and Their Penetration Into the Earth", Wireless
Engineer Vol 10, pp 587-591 (November L933).

Khastigir, S. R., Chandhuri, D. N., and Gupta, B. San, "Negative Attenuation of
Electromagnetic Waves and Sommerfeld's Theory of Ground Absorption", Nature Vol 136,
p 605 (1935). Letter to Editor.

Labus, J. W., "A Broadcast Antenna for Low Angle Radiation", Proc. IRE, p 635
(August 1935).

MacFarlane, G. G., and Booker, H. G., "Theoretical Field Strength of RDF Equipoent
Over a Spherical Sea", British report: TRE, AMRE Draft, Manual a/2205, Report 210
(July 14, 1940).

McPetrie, J. S., "A Method for Determining the Effect of the Earth on the Radiation
from Aerial Systems", IEE Journal, Vol 70, p 382 (1932).

McPetrie, J. S., "Reflection Coefficient of the Earth's Surface for Radio Waves",
IEE Journal, Vol 82, No 494 (February 1938).

McPetrie, J. S., and Strickland, A. C., "Reflection Curves And Propagation
Characteristics of Radio Waves Along the Earth's Surface", lEE Journal, Vol 87,
pp 135-145 (August 1940).

Mingina, C. R., "Electromagnetic Wave Fields Near the Earth's Surface", Proc. IRE,
Vol 25, No 11, p 1419 (November 1937).

Murray, F. H., "Asymptotic dipole expansions for smell horizontal angles", Proc.
Cambridge Phil. Soc., Vol 28, pp 433-442 (1932).

BATTELLE MCMORIAL iNSTITUTE- COLUMWUS LAoi0ATORIIES



A-6

Murray, F. H., "Diskussion einiger asymptotischer Entwicklungen, don vertikalen
slektrischen Dipol betref fend", Ann. Physik. Vol 17, pp 821.824 (1933).

Miessen, K. F., "Earth Absorption in Wireless Telegraphy", Ann. Physik Vol 24, No 1,
pp 31-48 (September 1935).

Niessen, K. F., "Erdabsorption bei horizontalen Dipolantennen", Ann. Physik, Vol 32,
pp 444-458 (1938).

Niessen, K. F., "Bemerkung zu elner Arbeit von Murray und einer Arbeit von van der
Pol and Niessen Uber die Ausbreitung elektroinagnetischier", Ann. Physik, Vol 16,
pp 810-820 (April 1933).

Niessen, K. F., "Elne Veracharfung der verbeaserten Souuaerfeldschen
Fortpflanztnngsformel fUr drabtlose Wellen zur Asubreitung ibres GýItigkeitsgebietes
nach kleineren Abstanden", Ann. Physik, Vol 29, No 7, pp 569-584 (August 1937).

Niessen, K. F., "Zue Ertecheidung den Zwischen den beiden Soimmerfeldschen Formeln fur
Fortpflanaung von drahtlosen Wellen", Ann. Phys. Lpe, Vol 29, p 585-596 (August 1937).

Niessen, K. F., "fiber den von einer ebenen Erde absorbierten Tail der Strablung sines
vertikalen Dipolsenders", Ann. Physik, Vol 22, pp 162-188 (1935).

Niessen, K. F., "liber die Wirkung sines vertikalen Dipolsenderm auf ebener Erde in
eine. Entfernungsbereich von der Ordnung siner Wellenlange", Ann. Physik, Vol 28, pp
209-224 (1937).

Niessen, K. F., "fiber die entfernten Rauuuiellen einee vertikalen Dipolsenders
oberhaib einer ebenen Erde von beliebiger Dielektrizitatskonstante und beliebiger
Leitfahigkeit", Ann. Physik. Vol 18, No 8, pp 893-912 (December 1933).

Noether, F., "Spreading of electric waves along the earth, in Rothe, E., Ollendorff, F.,
and Polbausen, K., Theory of Functions as Applied to Engineering Problems, M.I.T.
Techaology Press, Cambridge, Part 11, Ch. E. pp 167-185 (1933).

Norton, K. A., "The Calculation of Ground Wave Field Intensity Over a Finitely Conduc-
ting Spherical Earth", C.R.P.L. No 270 (1940).

Norton, K. A., "The Physical Reality of Space and Surface Waves in the Radiation Field
of Radio Antennas", Proc. IRE, Vol 25, p 1193 (1937).

Norton, K. A., "Propagation of Radio Waves Over a Plane Earth", Nature, Vol 135, p 954
(1935).

Norton, K. A., "The Propagation of Radio Waves Over the Surface of the Earth and in the
Upper Atmosphere. Part I. Ground Wave Propagation from Short Antennas", Proc. IRE,
Vol 24, p 1367 (1936).

Norton, K. A., "The Propagation of Radio Waves Over the Surface of the Earth and in the
Upper Atmosphere. Part II. The Propagation from Vertical, Horizontal, and Loop Anten-
nae Over a Plane Earth of Finite Conductivity", Proc. !RE, Vol 25, p 1203 (1937).

MATTELL91 MEMORIAL INSTITUTE - COkUMmUS LASORATORIES



A-7

Pedersen, P. 0., "Radiation from a Vertical Antenna over a Flat, Perfectly Conducting
Earth", Wireless Engineer and Experimental Wireless, Vol 12 (June 1935).

Rice, S. 0., "Series for the Wave Function of a Radiating Dipole at the Earth's
Surface", Bell System Tech, J., Vol 16, p 101 (1937).

Ryazin, P. A., "On the Calculation of Phase Structures of Electromgnetic Fields
and the Velocity of Radiowave Propagation Near the Earth's Surface", Izv. Akad.
Nauk. Ser. Fiz., No 4, p 434 (1940).

Schelkunoff, S. A., "Transmission Theory of Plane Electromagnetic Waves", Proc. IRE,
Vol 25, No 11, p 1457 (November 1937).

Searle, G., "Some Grourd-Wave Field-Instensity Measurements taken in New Zealand",
The New Zealand Journal of Science and Technology, Vol 20-B, Part I, p` 166; Port I1,
p 184 (1938).

Shchegolev, E. Ya., "An Experimental Investigation of the Velocity of Propagation of
Electromagnetic Waves in the Neighborhood of the Earth's Surface", Journal of
Technical Physics of the U.S.S.R. (Technical Physics prior to 1939), Vol 7,
p 579 (1937).

Strutt, M. J. 0., "Strahlung von Antennen unter dem Eiflub der Erdbodeneigenachafton.
D. Strahlungsamesungen mit Antennen", Ann. Physik Vol 9, pp 67-91 (1931).

van der Pol, B., "Propagation of Electromagnetic Waves", Zeits. f. Hochfrequenstechn..,
Vol 37, pp 152-156 (April 1931).

van der Pol, B., "Theory of the Reflection of Light from a Point Source by a Finitely
Conducting Flat Mirror, with an Application to Radiotelegraphy", Physics Vol 2,
pp 843-854 (1935).

van der Pol, B., and Breumer, H., "rhe Diffraction of Electromagnetic Waves from an
Electrical Point Source Round a Finitely Conducting Sphere", Phil. Mal., Vol 24,
p 141 (July 1937); p 825 (November 1937).

van der Pol, B., and Bremr, H., "Diffraction of Electromagnetic Waves from an
Electrical Point So'zrce Round a Finitely Conducting Sphere with Applications of
Radio-Telegraphy and the Theory of the Rainbow", Part 1, Phil Max. Vol 24, p 141
(1937).

van der Pol, B., and Bremer, H., "Diffraction of Electromagnetic Waves from an
Electrical Point Source Round a Finitely Conducting Sphere with Applications of
Radio-Telegraphy and the Theory of the Rainbow", Part II, Phil Mae., Vol 24, p 825
(1937).

van der Po1, B., and Bremner, H., "Diffraction of Electromagnetic Waves from an
Electrical Point Source Round a Finitely Conducting Sphere with Applications of
Radio-Telegraphy and the Theory of the Rainbow", Part III, Phil. Hag., Vol 25,
p 817 (1938).

@ATTELLK MEMORIAL INSTITUTE - COLUMIUS LABORATONIES



A-8

van der Pol, B., and Bremmer, H., "Further Note on the Propagation of Radio Waves Over
a Finitely Conducting Spherical Earth", Phil, Max. and J. of Sci., Vol 27, p 261 (1939).

van der Pol, B., and Bremner, H., "On the Propagation of Radio Waves Over a Finitely
Conducting Spherical Earth", Phil. MaR. and J. of Sci., Vol 25, p 817 (1938).

van der Pol, B., and Bremmer, H., "Results of a Theory of the Propagation of Electro-
wmgnetic Waves Over a Finitely Conducting Sphere", Hochfrequenztechn. u. Elektroakustik,
Vol 51, pp 181-188 (June 1938).

van der Pol, B., and Bremmer, H., "The Propagation of Wireless Waves Round the Earth",
Philips Techn. Rev., Vol 4, pp 245-253 (September 1939).

van der Pol, B., and Niessen, K. F., "Propagation of Radio Waves Over the Earth",
Ti.ds. Nederland. Radiogenootachap., Vol 7, pp 1-11 (March 1935).

van der Pol, B., and Niessen, K. F., 'qjber die Raumwellen von einem vertikalen
Dipolsender auf ebener Erde", Ann. Physik. Vol 10, No 4, pp 485-510 (July 21, 1931).

Vvedenakly, B., "Diffractive Propagation of Radio Waves", Techn. Phys., (USSR), Vol 2,
No 6, pp 624-639 (1935).

Vvedenskiy, B., "Diffractive Propagation of Radio Waves. Part II, Elevated
Transmitter and Receiver", Techn. Physe., (USSR), Vol 3, No 1, pp 915-925 (1936).

Vvedenskiy, B., "Diffractive Propagation of Radio Waves. Part III." Techn. Phys.,
(USSR), Vol 4, No 8, pp 579-591 (1937).

Wise, W. H., "The Grounded Condenser Antenna Radiation Formula", Proce IRE, Vol 19,
p 1684 (1931).

Wise, W. H., "The Physical Reality of the Zenneck Surface Wave", Bell System Tech. J.,
Vol 16, p 35 (1937).

1941-1950

Al'pert, Ya. L., and Gorozhankin, B., "Experimental Investigation of the Structure
of an Electromagnetic Field Over the Inhomogeneous Earth's Surface", J. Phys..
(USSR), Vol 9, No 2, pp 115-122 (1945).

Al'pert, Ya. L, Migulin, V. V., and Ryasin, P. A., "Investigation of the Phase
Structure of the Electromagnetic Field and the Velocity of Radio Waves", J. Phys.,
(USSR), Vol 4, pp 13-38 (1941).

Argirovic, M., "Practical Methods for Calculations of the Propagation of Electro-
magnetic Ground Waves", Elektrotek. Vestn., Vol 18, No 5/6, pp 117-123 (1950).

Atkinson, F. V., "On Sommerfeld's Radiation Condition", Phil, Maj., Vol 40, pp 645-
651 (1949).

DATrELLE MEMORtIAL INSTITUTE - COLUMIIUS LA8ORATORIIES



A-9

Delkins, M. G., "Tables to Calculate the Electromagnetic Field in the Shadow Region
for Various Soils", Soviet Radio Press, Moscow (1949).

Booker, H. G., "A Relation Between the Somnerfeld Theory of Radio Propagation Over
a Flat Earth and the Theory of Edge-Diffraction", lEE Journal, Pert 3, Vol 95,
pp 326-327 (1948).

Booker, H. G.. "The Elements of Wave Propagation Using the Impedance Concept",
lEZ Journal, Part 3, Vol 94. No 29, p 171, discussion p 199 )1947).

Booker, H. G., and Clemmow, P. C., "A Relation Between the Sommrfeld Theory of
Radio Propagation Over a Flat Earth and the Theory of Diffraction at s Straight
Edge", Proc. Inst. Elect. Engrs., Vol 97, No 3, pp 18-27 (1950).

Booker, H. G., and Clemmow, P. C., "The Concept of an Angular Spevwtrum of Plane
Waves and its Relation to that of Polar Diagram and Aperture Distribution",
IRE Journal. Part 3, Vol 97, No 45, p 11 (1950).

Dowkaup, C. J., "On So.merfeld's Sommerfeld's Surface Wave", Plys. Rev. Vol 80,
p 294 (1950).

Brekhovskikh, L. M., "The Field of Refracted Electromagnetic Waves in the Problem of
the Point Source", Izv, Akad. Nauk. Ser Fiz., Vol 12, p 322 (1948).

Brekhovskikh, L. M., "The Reflection of Spherical Waves at a Plane Interface Between
Two Madia", J. Tech. Phys. U.S.S.R., Vol 18, p 455 (1948).

Bremnr, H., "On the Propagation of Radio Waves Around the Earth", Physics, 'a

Gray.. Vol 14, pp 301-318 (June 1948).

Brommr, H., Terrestrial Radio Waves, Elsevier Publishing Company, Amsterdam (1949).

Burrows, C. R., and Atwood, S. S., Radio Wave Propagation. Academic Press, Inc.,
New York (1949).

Burrows, C. R., and Gray, M. C., "Effect of Earth's Curvature on Groundwave
Propagation", Proc. IRE (1941).

Clammow, P. C., "Ground-Wave Propagation Across a Land-Sea Boundary", Nature p 107
(1950).

Domb, C. A., and Pryce, M. H. L., "The Calculation of Field Strengths Over a
S.ytierical Earth", IEE Journal Part 3, Vol 93, No 31, p 325 (September 1947).

Eckart, G.. "The Radiation from a Magnetic Dipole in a Spherical Stratified Medium",
Ann. Telecouuun., Vol 5, No 5, pp 173-178 (May 1950).

Eckart, G., and Kahan, T., "On the Choice of the Integration Paths in the Problem
of the Radiation of a Dipole Above a Conducting Plane", C. R. Acid. Sci., Paras,

Vol 227, pp 969-970 (November 8, 1948). In French.

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LASORATOPtEC



A-10

Eckersley, T. L., "Coastal Refraction", Atti del conaresso Internauionale Della radio,
Rome, pp 97-110 (September-October 1947).

Eckersley, T. L., "Mixed Land and Sea Transmission", Baddov Rae. Lab., Report No. E. 16
(October 1941).

Eckeraley, T. L., "Propagation of Radio Waves Round the Earth", Nature, Vol 148, p 364
(Septmber 27, 1941).

Epstein, P. S., "Radio-Wave Propagation and Electromagnetic Surface Waves", Proc.
National Academy of Science, Vol 33, p 195 (1947).

Feinberg, Ye. L., "Coast Effect in Radio Direction Finding", Bull. Aced. Sci. URSS,
Ser. Phys. Vol 10, No 2, pp 196-216 (1946).

Feinberg, Ye. L., "Disturbance of the Front of Radiowave During Propagation Along a
Nonuniform Surface and Shore Refraction", Izv. Akad. Nauk. SSSR. Ser. Fiz., Vol 7,
p 167 (1943).

Feinberg, Ye. L., "Investigations of the Propagation of Radio Waves", Coll. of
Papers (Academy of Sciences USSR Press), (1948).

Feinberg, Ye. L., "On the Propagation of Radio Waves Along an Imperfect Surface",
J. Phys. (USSR), Vol 8, p 317 (1944).

Feinberg, Ye. L., "On the Propagation of Radio Waves Along an Imperfect Surface",
J. Phys. (USSR), Vol 11, No 1, p 1 (1944).

Feinberg, Ye. L., "On the Propagation of Radio Waves Along the Real Surface of the
Earth", J. Phys. (USSR), Vol 8, No 6, p 382 (1944).

Feinberg, Ye. L., "Propagation of Radio Waves Along a Real Earth's Surface", Isvestia,
An. SSSR. Ser Fiz, Vol 8, p 109 (1944).

Feinberg, Ye. L., "Propagation of Radio Waves Along a Real Earth's Surface", Izvestia,
An. SSSR. Ser Fiz. Vol 7, p 167 (1943).

Feinberg, Ye. L., "Russian Radiophysics and the Theory of Radio Wave Propagation Over
The Surface of the Earth", Radiotekhnika. Moscow, Vol 2, No 4, pp 5-14 (April 1947).

Fock, V. A., "Diffraction of Radio Waves Around the Earth's Surface", J. Phys, (USSR),
Vol 9, p 255 (1945).

Fock, V. A., "Diffraction of Radio Waves Around the Earth's Surface", Zhur. Eksp.
Teor. Fiz., Vol 15, p 480 (1945).

Fock, V. A., "Diffraction of Radio Waves Around the Earth's Surface", Lsdat., Akad. Nauk.
SSSR, Moscow, (1946).

BATTELLE MEMORtIAL INSTITUTE - COLUMBUS LANORATORIES



A-1l

lock, V. A., "Diffraction of Radio Waves Around the Globe", Comp. Rend. Aced. Sci..
U.S.S.R.. Vol 46, p 310 (1945).

Pock, V. A., The Diffraction of Radio Waves Around the Surface of the Earth,
Academy of Sciences of USSR, Moscow (1946). Translated by Morris D. Friedman, Igc.,
Needham Heights, Massachusetts.

Pock, V. A., Diffraction of Radio Waves on the Earth's Surface", Bull. Aced. Sti.,
URSS, Ser. Phys.. Vol 10, No 2, pp 187-188 (1946).

Pock, V. A., Diffraction of Radio Waves by Surface of Earth", J, Phys., (USSR),
Vol 9, No 2, p 150 (1945).

Pock, V. A., The Distribution of Currents Induced by a Plane Wave on the Surface of
a Conductor", J. Phys.,,(USSR), Vol 10, p 130 (1946).

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergamon Press,
New York (1965); "Propagation of the Direct Wave Around the Earth with Due Account
for Diffraction and Refraction", pp 254-273 (1948).

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergamon Press, New
York (1965); "Solution of the Problem of Propagation of Electromagnetic Waves Along
The Earth's Surface by the Method of Parabolic Equations" (M. A. Leotovich and V. A.
Pock), pp 213-234 (1946).

lock, V. A., Electromagnetic Diffraction and Propagatlon'Problems, Pergamon Press, New
York (1965); "Theory of Radiowave Propagation in an inhomogeneoUs (Stratifiedl
Atmosphere for a Raised Source", pp 276-307 (1950).

lock, V. A., "The Field of a Plane Wave in the Vicinity of a Conducting Body", Izvestia
AkademiigNuk (Ser. Fiz.), Vol 10, p 171 (1946).

Pock, V. A., "The Field of a Plnne Wave Near the Surface of a Conducting 4ody",
J. Phys. (USSR), Vol 10, p 399 (1946).

Pock, V. A., "The Field of a Surface Wave in the Vicinity of a Conducting Body",
Bull. cad. Sci. URSS, Ser. Phys., Vol 10, No 2, pp 171-186 (1946).

Pock, V. A., "Field of a Vertical and Horizontal Dipole Raised Above the Surface of
the Earth", Zh. Tekh Fiz,, Vol 19, p 916 (1949).

Fock, V. A., "Theory of Shore Refraction of Electromagnetic Waves", Mat. Sborn.,
No 1/2, p 3 (1944).

Grinberg, G. A., Selected Questions of the Math Theory of Electrical and Magnetic
Phenomena, "On Radio Wave Propagation Over The Earth Taking into Account Sphericity
and Atmospheric Inhomogeneity", p 288 (1948).

Grinberg, G. A., "Theory of Shore Refraction of Electromagnetic Waves", J. Phys.,
(USSR), Vol 6, p 185 (1942).

UATTtLLE MEMORIAL INSTITUTE - COLUMIEUS LAeORATOIo S



A-12

Gogoladze, V. G., "On the Propagation of Radio Waves of A. Sommerfeld", J. Phys.
(USSR), Vol 11, p 161 (1947).

Goubsu, G., "Surface Waves and Their Applications to Transmission Lines", J. Appl. Phys.,
Vol 21, p 1119 (1950).

Grosskopf, J., "On the Propagation of Medium Waves Over Inhomogeneous Ground",
Fernmeldetech. Z., Vol 3, No 4, pp 118-121 (April 1950).

Grosskopf, J., "On the Zenneck Rotating Field in the Ground Wave Field of Transmitter",
Wireless Eng., Vol 19, pp 469-470 (1942).

Grosskopf, J., "Propagation of a Surface Wave Over Curved and Stratified Ground",
Hochfrequenztech. u. Elektroakust., Vol 58, pp 163-171 (December 1941).

Grosskopf, J., "The Propagation of Electromagnetic Waves Over Inhomogeneous Ground",
Hochfrequenztech. u. Elektroakust., Vol 62, No 4, pp 103-110 (October 1943).

Grosskopf, J., "The Propagation of Surface Waves Over Stratified and Uneven Ground
and the Derivation of a Modified Zenneck Wave", Wireless Eng., Vol 19, No 223,
pp 169-171 (1942).

Grosskopf, J., "The Radiation Field of a Vertical Transmitting Dipole Over Laminated
Ground", Sunmary of German Electronics Reports from BHF Library, Suppi., No 1,
Comprehensive Report on German High Frequency Studies, pp 1140-1141 (June 1949).

Grosakopf, J., and Vogt, K., "Influence on the Growhd Wave Field due to Inhomogeneous
Ground Characteristics", Hq. Air Material Command, Wright Field, Dayton, Ohio,
Translation No. F-TS-1842-RE (1950).

Grosskopf, J., and Vogt, K., "Polarization Measurements in the Field of a Horizontal
Transmitting Dipole", Hochfrequenztech. u. Elektroakust., Vol 62, No 5, pp 131-133
(November 1943).

Grosakopf, J., and Vogt, K., "The Relation Between the Effective Ground Conductivity
and the Attenuation of Propagation", Hochfrequenztech. u. Elektroakust., Vol 62, No 1,
pp 14-15 (July 1943).

Gr~nberg, G. A., "On the Propagation of Radio Waves Over the Surface of the Earth, Tak-
ing Into Account the Non-Uniformity of the Atmosphere and the Spherical Shape of the
Earth", Izv. Akad. Nauk. SSSR, Vol 7, No 4, pp 99-113 (1943).

Grinberg, G. A., "Theory of the Coastal Refraction of Electromagnetic Waves",
J. Phys. (USSR), Vol 6, No 5, pp 185-209 (1942).

Grunberg, G. A., "Theory of the Coastal Refraction of Electromagnetic Waves", Zh. eksp.
teor. Fiz., Vol 14, No 3/4, pp 84-111 (1944).

Jordan, E. C., Electromagnetic Waves and Radiating Systems, Prentice-Hall, Englewood
Cliffs, New Jersey (1950).

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES



A-13

Kahan, T., and Eckart, G., "L'onde do surface do Somerfeld. Solution definitive d'un
probldme rests' depuls longtemps en suspens, tempt. rend, Vol 226, pp 1513-1515 (1948).

Kahan, T., and Eckart, G., "On the Electromagnetic Surface Wave of Soemrfeld",
Phys. Rev. Vol 76, pp 406-411 (1941).

Kahan, T., and Eckart, G., "On the Existance of a Surface Wave in Dipole Radiation
Over a Plane Earth", Proc. IRE, Vol 38, pp 807-812 (1950).

Kahan, T., and Eckart, G., "The Propagation of Electromagnetic Waves Over the Ground.
Solution of the Problem of the Surface Wave", J, Phys. Radium Vol 10, pp 165-176
(May 1949). In French.

Kahan, T., and Eckart, G., "The Surface Wave of Sommerfeld, Definite Solution of a
Problem Which was in Suspense for a Long Time", Compt. Rend., Vol 226 (1948).

Kahan, T., and Eckhart, G., "Sur Is choix des chemins d'inthgration doane t problems
relatif au rayonnement d'un dip~le au-dressus d'un sol plan, Compt. rend Vol 227,
pp 969-971 (1948).

Kirke, H. L., "Calculations of Ground Wave Field Strength Over a Composite Land Path",
Proc. IRE, Vol 37, p 489 (1949).

Lavrent'yev, M. A., "A Contribution to the Theory of Long Waves", Comptes Rendus
(Doklady) de l'Ac. des Sci, de l'URSS, Vol 41, No 7, pp 275-277 (December 10, 1943).

Leontovich, H. A., "Approximate Boundary Conditions for the Electromagnetic Field on
the Surface of a Good Conductor", Bull. Aced. Sci. U.R.S.S.. Ser. Phys.. Vol 9, p 16
(1944).

Leontovich, M. A., "A Method for the Solution of the Problem of the Propagation of
Electromagnetic Waves Along the Surface of the Earth", Izv. Akad. Nauk. SSSR. Ser. Fiz.,
Vol 8, p 16 (1944).

Leontovich, M. A., and Fock, V. A., "A Solution of the Problem of the Propagation
of Electromagnetic Waves Along the Surface of the Earth, Using the Method of
Parabolic Equations, J. Exp. Theor. PVhys.. (USSR), Vol 16, p 557 (1946).

Leontovich, M. A., and Fock, V. A., "Solution of the Problem of Propagation of
Electromagnetic W..,ves Along the Earth's Surface by the Method of Parabolic
Equations". J. Phys., (USSR), Vol 10, No 1, pp 13-24 (1946).

Millington, G., "Ground Wave Propagation Across a Land-Sea Boundary", Nature, Vol 163,
No 4134 (January 22, 1949). Latter to Editor.

Millington, G., "Ground Wave Propagation Over an Inhomogeneous Smooth Earth",
Part I: Proc. IEE, Vol 96, 1 53 (1949); Part II; Proc, IEE, Vol 97, No 48 (1950),
"Experimental Evidence and Practical Implications", p 209.

Niessen, K. F., " A New Method for the Determination of the Electric Constants of the
Earth's Surface", Philips Res. Rep., Vol 1, pp 465-475 (December 1946).

SATTELLE MEMORIAL INSTITUTE - COLUMDUS LAMORATOR119sr



•R,1 .,V.!1 •TI_ COPY

A-14

Niessen, K. F., "The Ratio Between the Horizontal end the Vertical Electric Field
of a Vertical Antenna of Infinitesimal Length Situated Above a Plane Earth",
Philips Res. Rep., Vol 1, pp 51-62 (1945)..

Niessen, K. F., "iber die angenrherte Erdabsorptionsformel fýr vertikale Dipole",
Physica. Vol 9, pp 915-922 (1942).

Norton, K. A., "The Calculation of Ground Wave Field Intensity Over a Finitely
Conducting Spherical Earth", Proc. IRE, Vol 29, p 623 (1941).

Ott, H., "Reflexion und Brechung von Kugelwelle; Effekte 2. Ordnung", Ann. Physik,
Vol 41, pp 443-467 (1942).

Ott, H., "Die Sattelpunktsmethode in der Umgebung sines Pols mit Anwendungen auf die
Wellenoptik und Akustik", Ann. Pnysik, Vol 43, No 6/7 pp 393-403 (1943).

Pekeris, C. L., "The Field of a Microwave Dipole Antenna in the Vicinity of the
Horizon", J. Appl. Phys., Vol 18, p 667 (1947).

Pfister, W., '"raphical Presentation of Propagation Data for the Whole Frequency Range",
Berlin-Adlershof F-TS-5034-RE, ATI-10580 (1945).

Pfister, W., "The Propagation of Electric Waves Along the Earth's Surface (the
Ionosphere Not Being Considered)", Mitteilungen der Deutschen Akademie der
Luftfahrtfurschung, ATI No. 25817 (1943).

Ponomsrev, M. I., "An Important Formula Relating to the Theory of Radio Propagation",
Bull. Acad. Sci. URSS. Dep. Tech. Sci., No 9, pp 1191-1192 (1947).

Ponomarev, M. I., "Effect of Refraction Upon the Propagation of Radio Waves Around
the Earth", NRL Translations No 153, BASR Technical Series No 9, p 1219 (1946).

Price, A. T., "Electromagnetic Induction in a Semi-infinite Conductor with a Plane
Boundary", Quart. Jour. Mech. and AppI. Math., Vol 3, pp 385-410 (1950).

Ryazin, P. A., "Propagation of Radiowaves Along the Earth's Surface", Trudy Fizich,
In-ta im. P. N. Lebedev Akad. Nauk SSSR, Vol 3, No 2, p 47 (1946).

Schriever, 0., "Contribution to Zenneck's Theory of Field Deflection Towards the
Earth's Surface", Hochfrequenztech. u. Elektroakust., Vol 58, pp 35-38
(August 1941).

Sommerfeld, A., Partial Differential Equations in Physics, Academic Press, Inc.,
New York (1949), Chapter IV, "Problems of Radio".

Somerfeld, A., and Renner, F., "Strahlungsenergie und Erdabsorption bei Dipolantennen",
Hockfrequenz-Technik und Electroakustik, Vol 59, pp 168-173 (1942).

Sommerfeld, A., and Renner, F., "Strahlungsenergie und Erdabsorption bei
Dipolantennei,", Ann. Physik, Vol 41, p 1-36 (1942).

ATTIELLS MEMORIAL INSTITUTE - COLUMIUS LAIORATORIES



A-15

Tai, C. T.,' "On Radiation and Radiating Systema in the Presence of a Dissipative
Medium", )Ia~vrd University, Cruft Laboratory Technical Report No. 77 (1949).

Tai, C. T., "Radiation of a Hertzian Dipole Immaersed in a Dissipative Mediumm",
Harvard University, Cruft Laboratory Technical Report No. 21 (1947).

van der Wyck, C. T. F., "Cylindrical Propagation of Electromagnetic Waves in a Medium
with Variable Electric Properties (Elias Layer) Above a Semiconducting Earth",
Tiidachr. Ned. Radioxenoot, Vol 15, pp 195-209 (July - September 1950).

Vvedenskiy, B., *"Invost igs tionh of Radio Wave Propagation", Moscow, Akademiia Naurk-
SSSR. p 214 (1948).

Wolf, A., "!Electric Field of an Oscillating Dipole on the Surface of a T~io Layer
Earth", Geoghysics. Vol 11, pp 518-537 (1946).

"Ground Wave Fielsi Intensities Including Ground Wave Field Intensities within the
Line of Sight", Signal Corps Radio Propagation Agency, Fort Monmouth, New Jersey,
Technical Report No. 3 (Revised June 1949, Second Printing April 1956).

t951-1960

Al'part, Ya. L., The Propagation of Low-Frequency Electromagnetic Waves Above the Sur-
face of the Earth, Publishing House of the Academy of Sciences of the USSR, Moscow,
112 pp (1955).

Al'part, YiA* L., Ginzburg, V. L., and Feinberg, Ye. L., Radiowave Propagation.
State Printing House for Technical-Theoretical Literature, Moscow (1953).

Anderson, L. J., Trolese, L. G., and Weisbrod, S., Electromagnetic Wave Propagation
Edited by M. Desirant and J. L. Michiels, Academic Press, New York (1960), "Simplified
Method for Computing Knife-edge Diffraction in the Shadow Region". p 209.

Argirovic, M., "A General Method of Calculating the Conductivity of Heterogeneous
Ground", Ann, T616comm. Vol 8, pp 212-224 (June 1953).

Argirovic, M., "Propagation of Electromagnetic Waves Over an Inhomogoneous Soil",
Blektrotah. Vestn. Vol 19, No 8/9, pp 225-231 (1951). In Croatian.

Attvood, S. C., 'Surface Wave Propagation Over a Coated Plane Conductor", J.Apl
friLL' Vol 22, p 504 (1951).

Azriliant, P. A., and Belkins, M. G., "Numerical Results of the Theory of Diffraction
of Radio Waves Around the Earth's Suirface", Soviet Radio Press, Moscow (1957).

Banoas, Jr., Alfredo, and Wesley, J. P., "The Horizontal Electric Dipole in a
Conducting Half-space", Univ. Calif. Marine Physical Laboratory, SIO Reference 53-31
(1953).

Ba.;os, Jr., Alfredo, and Wesley, J. P., "Thes Horitontal Electric Dipole In a
Conducting Half-spact", Part 11. Univ. Calif. Marine Physical Laboratory, SIO
Reference 54-31 (1954).

DATlELLE M6MORgAL INSlITUT8 - COLuMINUS LA80MATOORIKS



EST AVANIABLE COPY
A-16

Barlow, H. M., "Trhe Power Radiated by a Surface Wave Circulating Around a Cylindrical
Surface", Proc. IEE, Vol 106B, p 180 (March 1959).

Barlow, H. M., and Cullen, A. L., "Surface Waves", Proc. IEE, Vol 100, Part III, p 329
(November 1953).

Barlow, H. M., and Fernando, W. M. G., "An Investigation of the Properties of
Radial Surface Waves Launched Over Flat Reactive Surfaces", Proc. IEE, Vol 103,
p 307 (1956).

Barsis, A. P., "Comparison of Calculated and Measured Fields within the Radio
Horizon for the 92 to 1046 Mc Range", Supplement XI to NBS Report 3520, "Survey of
Central Radio Propagation Laboratory Research in Tropospheric Propagation"
(January 1, 1955).

Bazer, J., "Propagation of Plane Electromagnetic Waves Past a Shoreline",
New York University, New York (Ph.D. Dissertation), (August 1952).

Berg, E., "Phase Relations in the Diffraction Shadow", Arch. elekl. Ubertragunp,
Vol 9, pp 227-230 (May 1955).

Berg, E., "Phase Relations in the Diffraction Shadow in the Stratified Troposphere-E",
Arch. elect. Iibertragung, Vol 11, pp 366-378 (Septembe- 1957).

Blomquist, A., Electromagnetic Wave Propagation, Edited by M. Desirant and J. L.
Michiels, Academic Press, New York (1960), "Local Ground Wave Field Strength Variations
in the Frequency Range 30-1000 MHz", p 127.

Boudouris, G., "A New Solution of the Problem of Propagation Over a Flat Earth",
Nuovo Cim. Vol 5, Supplement No 1, pp 71-91 (1957).

Braude, S. Ya., Komarov, N. N., 'Generalized Curves of the Coefficients of Fresnel
Reflection for Horizontal and Vertical Polarizations", Izv. vyssk. uchebn. zavedenii
Radiotekhnika, Vol 2, No 1, pp 100-106 (1956).

Brekhovskikh, L. M., "The Reflection and Refraction of Spherical Waves", Uspekhi

Fiz. Nauk, Vol 38, p 1 (1960).

Brekhovskikh, L. M., Waves in Layered Media, Academic Press, New York and London (1960).

Bremmer, H., "Applications of Operational Calculus to Ground Wave Propagation,
Particularly for Long Waves", IRE Trans. Ant. Prop., Vol AP-6, pp 267-272 (1958).

Bremuer, H., "The Extension of Sommerfeld's Formula for the Propagation of Radio
Waves Over a Flat Earth to Different Conductivities of the Soil", Physics, Vol 20,
p 441 (1954).

Brenner, H., "Propagation of Electromagnetic Waves", Handbuch der Physik, Vol 16,
p 423 (1958).

1ATTELLE MEMORIAL INSTITUTE-- COLUM9US LAIORATORIES



A-17

Brmmer, H., Electromagnetic Wave Propagation, Edited by H. Desirsnt and J. L.
Hichiels, Academic Press, Now York (1960), "The Propagation Over an Inhcmogeneous
Earth Considered as a Two-Dimensional Scattering Problem", p 253.

Brick, D. B., "The Radiation of a Hertzian Dipole Above a Coated Conductor",
Proc. IEEE Part C, Vol 102, p 104 (1955). i

Brovn, J., "The Types of Wave Which May Exist Near a Guiding Surface", Proc. IEE
Part III, Vol 100, pp 363-364 (November 1953).

Brown, J., and Sharma, K. P., "The Launching of Radial Cylindrical Surface Waves
by a Circumferential Slot", Proc. IEE. Vol 106, Part B, p 123 (1959).

Chatteries. B., "Oblique Propagation of Radio Waves Over a Curved Earth",
Indian Jour. Phys., Vol 27, pp 257-268 (May 1953).

Cl1amw, P. C., "Radio Propagation Over a Flat Earth Across a Boundary Separating
Two Different Media", Phii. Trans. Roy. Soc.. London, Vol 246, pp 1-55 (June 15, 1953).

Cullen, A. L., "The Excitation of Plane Surface Waves", Proc. IEE, monograph no. 93,
p 223 (February 15, 1954).

deBettencourt, J. T., and Gray, D. J., "An Investigation of a 2-Hcpa Ground-Wave
Radar for Ship Detection", Massachusetts Institute of Technology, Lincoln Laboratory,
Lexington, Massachusetts, Technical Report No. 101 (December 13, 1955) AD 90351
(Unclassified).

Denisov, N. G., "Propagation of Waves in a Plane-Strati-Field Medium Containing
Statistical Irregularities", Izv. vyssh, uchebn. zavedenii. Radiofirika, Vol 1,
No 5/6, pp 34-40 (1958).

Denisov, N. G., "Scattering of Waves in Plane-Stratified Layers", Izv. vyash. uchebn,
zavedenii. Radiofizika, Vol 1, No 5/6 pp 41-48 (1958).

Domb, C., "Tables of Functions Occurring in the Diffraction of Electromagnetic Waves
by the Earth", Advances in Physics. Quarterly Supplement of Phil. Hag. Vol 5, p 96
(1953).

Dymovich, N. D., "Diffraction of an Electromagnetic Wave at a Rectilinear Slit in a
Plane Screen", Tr. uchabn. in-toy svyazi H-vo so@Mzi SSSR. Vol 4, pp 2-8 (1960).

Dymovich, N. D., '"Diffraction of a Plane Electromagnetic Wave at a Surface with an
Infinite Rectilinear Slit", Tr. Leningr. elektroteklin in-ta svyazL, Vol 2. No 39
pp 79-98 (1959).

Egli, J. J., "Radio Propagation Above 40 Mc Over Irregular Terrain", Proc. IRE,
Vol 45, p 1383 (1957).

Elliott, R. S., "On the Theory of Corrugated Plane Surfaces", IRE Trans, Ant, Prop,,
Vol AP-2, p 71 (1954).

10ATTULL. MEMORIAL INSTITUTE - COLUMiUS LAIDONATORISS



A-18

Elliott, R. S., "Spherical Surface Wave Antennas", IRE Trans, Ant. Propr., Vol AP-4,
p 422 (1956).

Feinberg, Ye. L., "Propagation of Radio Waves Along an Inhomogeneous Surface",
Nuovo Cimento Supplemental Vol 11, Series 10, p 60 (1959).

Fernando, W. M. G., and Barlow, H. E. M., "An Investigation of the Properties of
Radial Cylindrical Surface Waves Launched Over Flat Reactive Surfaces", Proc. IEE,
Part B, Vol 103, p 307 (May 1956).

Ferris, H. G., "Electric Field in the Ocean of a Submerged Horizontal Dipole", Univ.
of Calif. Marine Physical Laboratory, SIO Reference 53-14 (1952).

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergamon Press,
New York (1965), "Approximate Formulae for Distance of the Horizon in the Presence
of Superrefraction", pp 308-378.

Fock, V. A., "Presnel Diffraction from Convex Bodies", Uspekhi Fizicheskikh Nauk
(Progress of Physical Sciences), Vol 43, p 587 (1951); also, Paper No IX, ASTIA
Document No. AD 117276, A series of translation of 13 papers by Fock, U. S.
Department of Commerce, Office of Technical Services, Washington, D. C. (June 1957).

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergamon Press,
New York (1965), "Radiowave Propagation Along a Tropospheric Waveguide (Duct)
Near the Earth", (V. A. Fock, L. A. Wainstein, and M. E. Belkina, 1958), pp 352-
378.

Franz, W., and Deppermann, K., "Theory of Diffraction by a Cylinder as Affected by
the Surface Wave", Ann. Physik Vol 10, p 361 (1952).

Fricker, S. J., Ingalls, R. P., Quinn, W. T., Stone, M. L., and Stutt, C. A., "18-'
Hcps Field-Strength Measurements Over Sea Water", MIT Lincoln Laboratory, Lexington,
Massachusetts, Technical Report No 83, 1955, AD 76455.

Friedman, B., and Williams, W. E., "Excitation of Surface Waves", Proc. IEE, Monograph
No. 277R, p 1 (January 1958).

Furutsu, K., "Field Strength in the Vicinity of the Line of Sight in Diffraction
by a Spherical Surface", J. Radio Res. Labs., Japan, Vol 3, pp 55-76 (January 1956).

Furutsu, K., "On the Electromagnetic Radiation from a Vertical Dipole Over a
Surface of Arbitrary Surface Impedance", J. Radio Res. Labs., Japan, Vol 6,
pp 269-292 (1959). (This paper was also presented at the URSI Symposium on Electro-
magnetic Theory, Toronto, June 1959).

Furutsu, K., "Prolpagation of Electromagnetic Waves Over a Flat Earth Across a
Boundary Separating Different Media, and Coastal Refraction", J. Radio Res. Labs.,
Japan, Vol 2, pp 1-49 (1955).

Furutsu, K., "Propagation of Electromagnetic Waves Over a Flat Earth Across Two
Boundaries Separating Three Different Media", J, Radio Res. Labs., Japan, Vol 2, p 239
(1955).

DATTELLE MItMORIAL INSTITUTE - COLUMeUS LAeORATORIES



A-19

Furutou, K., "Propagation of Electromagnetic Waves Over the Spherical Earth Across
Boundaries Separating Different Media", J. Radio Res. Lab'- Japan, Vol 2, p 345
(October 1955).

Furutou, K., "Wave Propagation Over an Irregular Terrain, Part I", J. Radio Res, labs.,
Japan, Vol 4, p 135 (1957).

Furutsu, K., "Wave Propagation Over an Irregular Terrain, Part II", J. Radio Res,
Labs. Japan, Vol 4, p 349 (1957).

Furutsu, K., 'Wave Propagation Over an Irregular Terrain, Part III", J. Radio
Res, labs. Japan, Vol 5, p 71 (1959).

Furutsu, K., Koimai, S., "the Calculation of Field Strength over Mixed Paths on
a Spherical Earth", J. Radio Res. Labs.. Japan, Vol 3, pp 391-407 (October 1956).

Godzinski, Z., "The Theory of Ground-Wave Propagation Over an Inhomogeneous Earth",
Brit, IEE, Vol 105c, p 448 (1958).

Godzinski, Z., "The Use of Equivalent Secondary Sources in the Theory of Ground-Wave
Propagation over an Inhomogeneous Earth", Proc. IEE. Pt. C, Vol 105, pp 448-464
(September 1958).

Gordon, A. N., "Electromagnetic Induction in a Uniform Semi-Induction in a Uniform
Semi-Infinite Conductor", Quart. Jour. Mech. and Appl. Math.. Vol 4, pp 116-128
(1951b).

Gordon, A. N., "The Field Induced by an Oscillating Magnetic Dipole Outside a
Semi-Infinite Conductor, Quart. Jour. Mech. and Appl. Math., Vol 4, p 106-115
(1951a).

Gorodetskiy, P. G., "Analysis of Equilvalent Parameters of a Nonuniform Earth Taking

Into Account the Surface Effect", Elektrosvyaz', No 4, pp 59-62 (1958).

Goubau, G., "On the Excitation of Surface Waves", Proc. IRE Vol 40, p 865 (1952).

Goubau, G., "aoves on Interfaces", IRE Trans, Ant. Prop., Vol AP-7, p S140 (1959).

Groaskopf, J., "Ultra-short-wave Propagation in the 30-100 Mc/s Range",
Fernmeldetech. Z. IFTZI, Vol 4, pp 441-451 (October 1951).

Haug, A., "The Effect of the Radiation Condition in the Case of Complex Wave Number,
and its Significance in the Problem of Surface Waves", Z. Naturf., Vol 7a, pp 501-
505 (August 1952).

Holler, P., "On the Propagation of Electromagnetic Waves from Land to Sea and
Conversely", Z. angew. Phys., Vol 3, No 11, pp 424-432 (1951).

SATTELLE MEMORIAL INSTITUTE - COLUMOUS LANORATORBS.



A-20

Hufford, G. A., "An Integral Equation Approach to the Problem of Wave Propagation
Over an Irregular Surface", Quart. Appl. Math., Vol 9, p 391 (1952).

Ivanov, V. I., "Shortwave Asymptotic of a Diffraction Field in the Shadow of an Ideal
Parabolic Cylinder", Radiotekhnika i Elektronika. Vol 5, No 3, pp 393-402
(1960).

Johler, J. R., Kellar, W. J., and Walters, L. C., "Phase of the Low Radio
Frequency Ground Wave", Nat. Bur. Stds. Circular 573 (1956).

Johler, J. R., Walters, L. C., and Lilley, C. M., "Amplitude and Phase of the Low
and Very-Low Radio Frequency Ground Wave", Tech. Notes Nat. Bur. Stand., No 60
(PS 161561) (1960).

Kahan, T., and Eckart, G., "On the Question of the Surface Wave in Dipole Radiation
Over a Plane Earth", Arch. elekt. Ubertragung, Vol 5, pp 347-348 (July 1951).

Kahan, T., and Eckart, G., "The Non Existence of the Surface Wave in Dipole Radiation
Above a Plane Earth", Arch. elekt. Ubertragung, Vol 5, pp 25-32 (January 1951).

Kalinin, A. I., "Calculation of the Field Strength in Shadow and Half-Shadow Regions
in the Case of Ultra-Short Waves Traveling Along a Smooth Spherical Surface of
the Earth", Radiotekhnika, Moscow, Vol 11, pp 43-49 (June 1956).

Kalinin, Yu. K., "Perturbation of the Field of a Plane Radio Wave by the Irregularities
of the Earth's Surface", Radiotekhnika i Elektronika, Vol 3, No 4, pp 557-561 (1958).

Kalinin, Yu. K., "Problem of Diffraction of Radio Waves over a Non-uniform Earth
Surface", Radiotekhnika i Elektronika, Vol 3, No 10, pp 1274-1279 (1958).

Kalinin, Yu. K., "On the Question of the Phase Velocity and the Direction of the Normal
to the Wave Fronts Over an Inhomogeneous Surface", Radiotekhnika i Elektronika, Vol 1,
N 6, p 879 (1956).

Kalinin, Yu. K., and Feinberg, Ye. L., "Propagation of a Ground Wave Over the
Irregular Spherical Surface of the Earth", Radiotekhnika i Elektronika, Vol 3, No 9,
pp 1122-1132 (1958).

Karczewski, B., "Approximate Formulas for Diffraction of Electromagnetic Wave 11",
Bull. Acad. polon. sci. Ser. scd.. Math., astron. et phys., Vol 8, No 11/12,
pp 767-772 (1960). In English.

Karp, S. N., and Karal, F. C., "Vertex Excited Surface Waves on Both Faces of a
Right Angled Wedge", Comm. Pure Appl. Math., Vol 12, p 435 (1959).

Karp, S. N., and Karal, F. C., "Vertex Excited Surface Waves on One Face of a
Right Angled Wedge", Quart. Appl. Math., Vol 18, p 235 (1960).

Kay, A. F., "The Excitation of Surface Waves in Multilayered Media", Tech, Res.
Group New York, New York (October 1954).

NAITELLIE MEMORIAL INSTITUTE -- COLUMBUS LABORATORIES



A-21

Kay, A. F., "Scattering of a Surface Wave by a Discontinuity in Normal Reactance
with Applications to Antenna Problema", Tech. Res. Group, Now York, Sci. Rep. No. 7,
Contract AF 19(604)-1307 (September 18, 1957).

Kay, A. F., "Scattering of a Surface Wave by a Discontinuity in Reactance",
IRE Trans. Ant. Prop., Vol AP-7, p 22 (1959).

Kirkwood, R. L., "Investigation of a Ground-Wave Radar System", the Rand Corporation,
Santa Monica, California, RM-1365 (October 26, 1954), AD 81323. For Official Use Only.

Kockel, B., "The Sommerfeld Ground Wave", Ann. Phys.. Lvz. Vol 1, pp 145-156
(1958).

Kraichman, M. B., "Basic Experimental Studies of the Magnetic Field from Electromagnetic
Sources Immersed in a Semi-infinite Conducting Medium, J. Research NBS (Radio Prop),
Vol 640, pp 21-25 (1960).

Lien, R. H., and Wait, J. R., "Radiation from a Horizontal Dipole in a Semi-infinite
Dissipative Medium", J. Appl. Physics, Vol 24, pp 1-5, and 958-959 (1953).

Lin Wei-guan, "New Method of Solution for the Problem of Diffraction at a Narrow
Slit", Acts. phys. sinica. Vol 15, No 9, pp 465-468 (1959).

1a, Y. T., "Electromagnetic Field of a Dipole Source Above a Grounded Slab",
J. Appl. Phys. Vol 25, p 733 (1954).

Logan, N. A., "General Research in Diffraction Theory", I-I, Lockheed Missile and
Space Company, Sunnyvale, California (1959).

Malyuzhinets,G. D., "The Excitation, Reflection and Emission of Surface Waves from
a Wedge vith Given Face Impedances", Soviet Physics. Vol 3, p 752 (1958).

Malyuzhinets, G. D., "Inversion Formula for Soimnerfeld Integral". Doklady Akademii Nauk
SSSR Vol 118, No 6 (1958).

Marcuvitz, N., "Guided Wave Concept in Electro-magnetic Theory", Polytechnic Institute
of Brooklyn, Microwave Research Institute, Research Report R-269-52 (P.I.B.-208, OUR,
May 14, 1952).

Mayzel's, Ye. N., and Ufimtsev, P. Ya., "Reflection of Circularly Polarized Electro-
magnetic Waves from Metal Bodies", Radiotekhnika i Elektronika, Vol 5, No 12 (1960).

McCracken, Jr., L. G., "The Problem of the Dipole and the Plane Boundary", Doctoral
Dissertation, Pennsylvania State College, (1952).

Men, A. V., Braude, S. Ya., Gorback, V. T., "The Influence of the Surface of Separation
on the Fluctuation of a Radio Wave Propagated in an Irregular Layer", Dopovidi A. N.
URSR, Vol 7, pp 740-744 (1959).

SIATTELLE MEMORIAL INSTITUTE - COLUMEUS LA6O0ATORIES



A-22 I"

Monteath, G. D., "Application of the Compensation Theorem to Certain Radiation and
Propagation Problems", Monograph No 3, Proc. lEE Vol 98 p 1 (1951), pp 23-30
(Part 4).

Murphy, E. J., Winter, C. F., and Gorr, B. B., "Antenna for Ground Wave Radar",
Air Force Cambridge Research Center, Air Force and Development Comand, AFCRC
Technical Report 54-7 (May 1954), AD 47376.

Nomura, Y., "On the Propagation of Electric Waves for a Horizontal Dipole Over the
Surface of the Earth Sphere", Sci. Rep. Res, Inst. Tohoku Univ., Vol 1, No 2, pp 25-49
(Janaury 1951).

Nomura, Y., "On the Theory of Electric Waves Over a Plane Surface of the Inhomogeneous
Earth", Sci. Reats. Res. Insts. Tahoku Univ., Ser. B. Electr. Commun.,
Vol 6, No 1, pp 19-30 (1954).

Nowura, Y., On the Theory of Propagation of Electric Waves Over a Plane Surface of
the Homogeneous Enrth (On Sommerfeld's Surface Waves)", Sci. Rep. Res, Inst. Tohoku
Univ.. Ser. B., Vol 5, pp 203-214 (December 1953 - March 1954).

Norton, K. A., "Transmission Loss in Radio Propagation", Proc. IEE. Vol 41, p 146
(Janaury 1953).

Norton, K. A., "Transmission Loss in Radio Propagation: II", National Bureau of
Standards, Boulder, Colorado, NBS Report 5092 (July 25, 1957).

Norton, K. A., "Transmission Loss of Space Waves Propagated Over Irregular Terrain",
IRE Trans. Ant. Prop.. Vol AP-3, p 152 (1952).

Norton, K. A., Rice, P. L, and Vogler, L. E., "The Use of Angular Distance in
Estimating Transmission Loss and Fading Range for Propagation Through a Turbulent
Atmosphere Over Irregular Terrain", Proc. IRE, Volume 43, p 1488 (October 1955).

Ott, H., "Die Bodenwelle eines Senders", Z. ansew. Phys., Vol 3, pp 123 (1951).

Ott, H. "Does There Exist a Zenneck Wave in the Field of a Transmitter?", Arch.
elekt. thbertragung, Vol 5, pp 15-24 (January 1951).

Ott, H., "Note on W. H. Wise's Proof of the Non-existance of the Zenneck Surface
Wave in the Field of an Aerial", Z, Naturf. Vol 8a pp 100-103 (January 1953).

Pease, R. L., "On the Propagation of Surface Waves Over an Infinite Grounded Ferrite
Slab", IRE Trans. Ant. Prop., Vol AP-6, p 13 (1958).

Poincelot, P., "On the Non-existence of Sonunerfeld's Surface Wave", C. R. Acad.
Sci. (Paris), Vol 235, pp 350-352 (August 4, 1952).

Poincelot, P., "On the Non-existence of Surface Waves of Sommerfeld", Ann. T6l6couu.,
Vol 8, pp 206-211 (June 1953).

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES



A-23

Poincelot, P., "Sur L'inexistence do l'oAde do surface (Oberflchenwelle) do A.
Soimnerfeld", Doctoral Dissertation, University of Parls, Cauthier-Villars, Paris
(1953).

Poperechenko, B. A., "The Excitation of a large-Diameter Cylinder With a Layer",
Nauchnyve doklady vysshey shkoly. Radiotekhni:a i Elektronika. No 1, pp 62-72 (1959).

Pressey, B. G., Ashwell, G. E., and Fovler, C. S., '"hange of Phase of a Low-
Frequency Ground Wave Propagated Across a Coastline", Proc. lEE, Vol 103, p 527
(1956).

Pryce, H. H. L., "lhe Diffraction of Radio Waves by the Curvature of the Earth",
Advances in Phys., Vol 2, p 67 (1953).

Rice, S. 0., "Diffraction of Plane Radio Waves by a Parabolic Cylinder. Calculation
of Shadows Behind Hills", Bell System Tech. J. Vol 33, p 417 (1954).

Rice, P. L., Longley, A. C., and -Norton, K. A., "Prediction of the Caulative
Distribution with Time of Ground Wave and Tropospheric Wave Transmission Loss",
National Bureau of Standards, NBS Report 5582 (June 1958).

Rotman, W., "A Study of Single Surface Corrugated Guides", Proc. IRE, Vol 39, p 952
(1951).

Saran, G. S., and Held, G., "Field Strength Measurements in Fresh Water", J. Ron.

H.S (Radio Prop.), Vol 64D, pp 435-437 (1960).

Schachemmier, R., "The Diffraction of Electromagnetic Waves Around the Earth in an
Optically Inhomogeneous Medium", Arch. elekt, Ubertrangung. Vol 5, pp 267-272
(June 1951).

Schachenmeler, R., "Diffraction of Electromagnetic Waves Near the Earth's Surface
in an Optically Inhomogeneous Medium-R", Arch, elekt. Ubertrsaung. Vol 7, p 491
(October 1953).

Schelkunoff, S. A., "Anatomy of Surface Waves", IRE Trans, Ant. Prop., Vol AP-7, p S133
(1959).

Schneider, A. B., "Phase Variations with Range of the Ground Wave Signal from C. W.
Transmitters in the 70-130 kc/s Band", Jour. British Inst, Radio Enar., Vol 12, No 3,
p 181 (March 1955).

Sharma, K. P., "An Investigation of the Excitation of Radiation from Surface Waves",
Ph.D. Thesis, University of London (1957).

Smorgonskiy, V. Ya., "Calculating Phase and Group Speed of Surface Waves",
Radiotekhnika, Vol 10, No 5, pp 25-30 (May 1955).

Stutt, C. A., et al, "Flight Tests of the Ground-Wave Radar", Massachusetts Institute
of Technology, Lincoln Laboratory, Lexington, Massachusetts, Technical Report No 87
(August 31, 1956), AD 98864.

DATlrLLE MEMORIAL INSTITUTE - COLUMaUS LADOMATORIEs



pEsr AVw•l A.F_. COPY

A-24

Stutt, C. A., Fricker, S. J., and Ingalls, R. P., and Stone, M. L., "Preliminary
Report on Ground-Wave-Radar Sea Clutter", Massachusetts Institute of Technology,
Lincoln Laboratory, Lexington, Mass., Technical Report No. 134 (Sept. 21, 1956).

Suda, K., "Field-Strength Calculations-Now Method for Mixed Patths", Wireless Engineer,
Vol 31, p 249 (1954).

Tai, C. T., "The Effect of a Grounded Slab on Radiation From a Line Source",
J. Appl. Phys.. Vol 22, p 405 (1951).

Tai, C. T., "Radiation from a Small Loop Immersed in a Semi-infinite Conducting
Medium", Can, Jour. Phys. Vol 37, pp 672-674 (1957).

Tartakovskii, L. S., "Analysis of Radio Wave Propagation Over an Electrcmagnetic
Earth by the Method of Geometrical Optics", Elektrosvvaz, Vol 7, pp 11-18
(1958).

Tukizi, 0., "The Diffraction of Electromagnetic Waves by the Earth's Curvature--a
Theory of Tropospheric Propagation Near and Beyond the Radio Horizon", Rep. elect.
Commin. Lab., Japan, Vol 11, pp 421-425 (November 1958).

van der Pol, B., "Atlas of Ground-Wave Propagation Curves for Frequencies Between
30 Mc/s and 300 Mc/s", Proc. IRE, Vol 44, p 952 (July 1956).

Veitsel', V. A., "Effect of Amplitude Fluctuation of a Reflected Signal on the
Accuracy of Measurements of the Width of a Cluster of Scattered Waves", Tr. Moask
aviats. inta., Vol 105, pp 68-73 (1959),

Vogler, L. E., "Smooth Earth Diffraction Calculations for Horizontal Polarization",
J. Res. NBS. Vol 65D (Radio Prop.), No 4, p 397 (July - August 1959).

Vsekhsvyatskaya, I. S., and Tsedilina, Ye. Ye., "Amplitude Correlation Function for
Signals Scattered from a Perfectly Rough Screen", Akademiya nauk SSSR. Institut
zemnogo mainetizma. ionosfery i rasprostraneniye radiovoln. Trudy, No 17 (27),
pp 287-291 (1960).

Wait, J. R., "Amplitude and Phase of the Low-Frequency Ground Wave Near a Coastline",
J. Res, NBS Vol 58, No 5, Research Paper 2756, p 237 (May 1957).

Wait, J. R., "Current-Carrying Wire Loops in a Simple Inhomogeneous Region", J. Avpl.
Phys.. Vol 23, pp 497-498 (April 1952).

Wait, J. R., "Currents Excited on a Conducting Surface of a Large Radius of Curvature",
IRE Trans, Vol MTT-4, No 3, pp 144-145 (July 1956).

Wait, J. R., "Effect of the Ground Screen on the Field Radiated from a Monopole",
IRE Trans, Ant, Prop., Vol AP-4, No 2, pp 179-181 (April 1956).

Wait, J. R., "The Electric Fields of a Long Current Carrying Wire on a Stratified
Earth", J. Geophys. Res., Vol 57, pp 481-485 (December 1952).

IATTrLLX MEMORIAL INSTITUTE - COLUMOUS LA@OMATOMIES



A-25

Wait, J. R., "Electromagnetic Fields of Current-Carrying Wires in Conducting Madiue",
Can. J. Phys., Vol 30, pp 512-523 (September 1952).

Wait, J. R., "Excitation of Surface Waves on Conducting Stratified, Dielectric-
Clad, and Corrugated Surfaces", J. Res. NBS. Vol 59, p 365 (1957).

Wait, J. R., "The Fields of a Line Source of Current Over a Stratified Conductor",
Appl. Sci. Res., Sec. B., Vol 3, pp 279-292 (1953).

Wait, J. R., "Guiding of Electromagnetic Waves by Uniformly Rough Surfaces, Parts I
and II", IRE Trans. Ant. Prop., Vol AP-7, p S154 (1959).

Wait, J. R., "Induction by a Horizontally Oscillating Magnetic Dipole Over a Conducting
Homogeneous Earth", Trans. Amer. Geophys. Union, Vol 34, pp 185-188 (April 1953).

Wait, J. R., "Induction by an Oscillating Magnetic Dipole Over a Two-Layer
Ground", Appl. Sci. Res., Sec. B., Vol 7, pp 73-80 (1958).

Wait, J. R., "Low Frequency Radiation from a Horizontal Antenna Over a Spherical
Earth", Can, J. Phys., Vol 34, pp 586-595 (June 1956).

Wait, J. R., '"The Magnetic Dipole Antenna Immersed in a Conducting Hedium",
Proc. IRE, Vol 40, pp 1244-1245 (October 1952).

Wait, J. R., •The Magnetic Dipole Over the Horizontally Stratified Earth", Can, Jour.
P Vol 29, pp 577-592 (1951).

Wait, J. R.. "Mixed Path Ground Wave Propagation: 1. Short Distances", J. Re.

NBS Vol 57, p 1 (1956).

Wait, J. R., "Mode Theory and the Propagation of Extremely Low Frequency Radio Waves",
J. Research NBS, Vol 64D, No 4, pp 387-404 (July - August 1960).

Wait, J. R., "Mutual Electromagnetic Coupling of Loops Over a Homogeneous Ground",,
Geophy&. Vol 20, No 3, pp 630-637 (July 1955).

Wait, J. R., "Mutual Electromagnetic Coupling of Loops Over a Homogeneous Ground--an
Additional Note", Geophys. Vol 21, No 2, pp 479-484 (April 1956).

Wait, J. R., "Mutual Inductance of Circuits on a Two-Layer Earth", Can. J. Phys.,
Vol 30, pp 450-452 (September 1952).

Wait, J. R., "A Note on Dipole Radiation in a Conducting Medium", Geophs. Vol 17,
pp 978-979 (October 1952).

Wait, J. R., "A Note on the Propagation of the Transient Ground Wave", Can. J. Phys.,
Vol 35, pp 1146-1151 (1957).

Wait, J. R , "On Anomalous Propagation of Radio Waves in Earth Strata", Geophys.,
Vol 19, pp 342-343 (April 1954).

ATTIELLE MNMORIAL INSTITUTE - COLUMeUS LAMORAT00I[S



A-26

Wait, J. R., "On the Excitation of Electromagnetic Surface Waves on a Curved
Surface", Trans. IRE, Vol AP-8, p 445 (1960).

Wait, J. R., "On the Theory of Propagation of Electromagnetic Waves Along a Curved
Surface", Caned. J. Phys. Vol 36, pp 9-17 (1958).

Wait, 3. R., "Propagation of Electromagnetic Pulses in a Homogeneous Conducting
Earth", Appi. Sci. Res.. Sec. B., Vol 8, pp 213-253 (1960).

Wait, J. R., "Propagation of Pulse Across a Coast Line", Proc. IRE Vol 45, No 11,
p 1 (November 1957).

Wait, J. R., "Propagation of Radio Waves Over a Stratified Ground", Geophysics Vol 18,
p 416 (1953).

Wait, J. R., "Propagation of Very-Low-Frequency Pulses to Great Distances", J.
Res N. Vol 61, No 3, pp 187-203 (September 1958).

Wait, 3. R., "The Radiation Fields of a Horizontal Dipole in a Semi-Infinite
Dissipative Medium", J. Appl. Phys,, Vol 24, pp 958-959 (July 1953).

Wait, J. R., "Radiation From a Ground Antenna", Can. J. Tech., Vol 32, pp 1-9
(Janaury 1954).

Wait, J. R., "Radiation From a Line Source Adjacent to a Conducting Half Plane",
J. Appl. Phys., Vol 24, No 12, pp 1528-1529 (December 1953).

Wait, J. R., "Radiation From a Small Loop Immersed in a Semi-Infinite Conducting
Medium", Can, J. Phys., Vol 37, pp 672-674 (1959).

Wait, 3. R., "Radiation From a Vertical Antenna Over a Curved Stratified Ground",
Res..Nat. Bur. Stand., Vol 56, pp 237-244 (April 1956).

Wait, J. R., "Radiation From A Vertical Dipole Over a Stratified Ground", IRE
Trans, Ant. Prop., Vol 1, p 9 (1953). Part II, Vol AP-2, p 144 (1954).

Wait, J. R., "Radiation From a Vertical Electric Dipole Over a Stratified Ground",
IRE Trans, Ant, Prop,, Vol AP-1, pp 9-12, Part I (July 1953).

Wait, J. R., "Radiation Resistance of Dipoles in an Interface Between Two Dielectrics",
Can. J. Phys., Vol 34, pp 24-26 (1956).

Wait, J. R., "Radiation Resistance of a Small Circular Loop in the Presence of a
Coiiducting Ground", J. of App. Phys. Vol 24, No 5, p 646 (May 1953).

Wait, J. R., "Receiving Properties of a Wire Loop with a Spheroidal Core",
Can, J, Tech., Vol 31, pp 9-14 (January 1953).

Wait, J. R., "Reflection of Electromagnetic Waves Obliquely From an Inhomogeneous
Medium", 3. Appl. Phys., Vol 23, pp 1403-1404 (December 1952).

DATTELLE M"MORIAL INSTITUTK - COLUMMUS LA8ORATOR1ES



A-27

Wait, J. R., "Terrestrial Propagation of Very-Low-Frequency Radio Waves", J.
Res. XBS. Vol 64D, No 2, pp 153-204 (March - April 1960).

Wait, J. R., '"Theory of Electromagnetic Surface Waves Over Geological Conductors",
Geofisica pure a Appl, Vol 28, pp 47-56 (1954).

Wait, J. R., "The Transient Behavior of the Electromagnetic Ground Wave on a Spherical
Earth". IRE Trans. Ant. Prop., Vol AP-5, No 2, pp 198-202 (April 1957).

Wait, J. R., "Transient Coupling in Grounded Circuits", Geophys.. Vol 18, pp 138-141
(January 1953).

Wait, J. R., '"Transient Fields of a Vertical Dipole Over a Homogeneous Curved
Ground", Can, J. Phys., Vol 34, pp 27-35 (January 1956).

Wait, J. R., "A Transient Magnetic Dipole Source in a Dissipative Medium", J.
Api•. Phys.. Vol 24, pp 341-343 (March 1953).

Wait, J. R., "Irransmission and Reflection of Electromagnetic Waves in the Presence
of Stratified Media", J. Res. NBS, Vol 61, p 205 (September 1958).

Wait, J. R., "Transmission of Power in Radio Propagation", Electronic and Radio
Engineer. Vol 36, No 4, pp 146-150 (April 1959).

Wait, J. R., and Campbell, L. L., '"The Fields of an Oscillating Magnetic Dipole
Immrsed in a Semi-Infinite Conduct:ing Meditus", J. Geophys. Res.. Vol 58,
pp 167-178 (June 1953).

Wait, J. R., and Campbell, L. L., "Effect of a Large Dielectric Constant on Ground-
Wave Propagation", Canad. Jour. Phys., Vol 31, pp 456-457 (1953).

Wait, J. R., and Campbell, L. L., "Fields of Dipoles in a Semi-Infinite Conducting
Medium", J. Geophys. Res., Vol 58, pp 21-28 (March 1953); pp 167-168 (June 1953);
Defense Research Telecommunications Establishment, Project Report 19-0-9 0eptember 1,
1954).

Wait, J. R., and Campbell, L. L., "Transmission Curves for Ground Wave Propagation
at Low Radio Frequencies", Defense Research Telecommunications Establishment, Ottawa,
Canada, Report R. 1, 1952.

Wait, J. R., and Campbell, L. L., "Transmission Curves for Ground Wave Propagation
at Low Radio Frequencies", Report R-l, Defense Research Telecoemmunications Establish-
ment, Radio Physic Laboratory (April 1953).

Wait, J. R., and Carter, N. F., "Field Strength Calculations for ELF Radio Waves",
NBS Tech. Note No. 52 (March 1960).

Wait, J. R., and Condo, A. H., "Diffraction of Electromagnetic Waves by Smooth
Obstacles for Grazing Angles", J. Res. NBS, Vol 63D, p 181 (1959).

Wait, J. R., and Conds, A. H., "On The Diffraction of Electromagnetic Pulses by
Curved Conducting Surfaces", Can. J. Pli•s., Vol 37, pp 1384-1396 (1959).

MATTKLLE MEMORIAL INSTITUTg - COLUMIeUS LANORATORIES



A-28

Wait, J. R., and Conda, A. H., Electromagnetic Wave Propagation, Edited by H.

Desirant and J. L. Michiels, Academic Press, New York (1960), "On the Computation

of Diffraction Fields for Grazing Angles", p 661.

Wait, J. R., and Conda, A. H., "Pattern of an Antenna on a Curved Lossy Surface",
IRE Trans. Act. Prop., Vol AP-6, p 348 (1958).

Wait, J. R., and Fraser, W. C. G., "Radiation from a Vertical Dipole over a Stratified
Ground", Part 2, IRE Trans. Ant. Prep., Vol AP-3, No 4 (October 1954).

Wait, J. R., and Household, J., "Mixed-Path Ground-Wave Propagation: 2. Larger
Distances", J. Res. Nat. Bur. Stds., Vol 59, p 19 (1957).

Wait, J. R., and Howe, H. H., "Amplitude and Phase Curves for Ground Wave Propagation
in the Band 200 c/s to 500 kc", HBS Circular 574 (1956).

Wait, J. R., and Murphy, A., "Influence of a Ridge on the Low-Frequency Ground Wave",
1- Res. HIS Vol 58, No 1, pp 1-5 (January 1957).

Wait, J. R., and Murphy, A., "Multiple Reflections Between the Earth and the Ionosphere
in VLF Propagation", Geofisica pura e Appi, Vol 35, pp 61-72 (1956).

Wait, J. R., and Pope, W. A., "The Characteristics of a Vertical Antenna with a Radial
Conductor Ground System", Appl. Sci. Res., Sec. B., Vol 4, pp 177-195 (1954).

Wait, J. R., and Surtees, W. J., "Impedance of a Top-Loaded Antenna of Arbitrary Length
over a Circular Grounded Screen", 1. Avpl. Phys.. Vol 25, No 5, pp 553-555 (May 1954).

Weidner, J., "More Exact Theory of Propagation of Long Electric Waves Around the
Earth", Z. angew. Phys.. Vol 7, pp 77-82 (February 1955).

Whitcraft, W. A., Jr., "Research and Investigation for Ground Wave Radar", Raytheon
Manufacturing Company, Waltham, Massachusetts, Final Report (June 28, 1950 through
March 31, 1953), AFCRC, Contract No. AF 19(122)-286, AD 22248.

Williams, W. E., "Propagation of Electromagnetic Surface Waves Along Wedge Surfaces",
Quart. Jour. of Mech. Appl. Math.. Vol 13, p 278 (1960).

Zucker, F. J., "•"re Guiding and Radiation of Surface Waves", Proc. Symposium on Modern
Advances in Microwave Techniques, p 403 (Polytechnic Inst., Brooklyn, November 8-10,
1954).

"Atlas of Ground-Wave Propagation Curves for Frequencies Between 30 Mc/s and 300 Mc/s",
Published by the International Telecommunications Union, Geneva (1959).

1961-1970

Aksenov, V. I., "Application of the Kirchhoff Approximation to Lhe Scattering of
Electromagnetic Waves by Period4 :ally Uneven Surfaces with a Finite Conductivity",
Radiotekhnika i elektronika, Vol 6, No 3, pp 347-354 (1961). .1

BATTELLE MEMORIAL INSTITUTE - COLUMeUS LABORATORIES



A-29

Aksenov, V. I., "Utilization of Kirchhoff's Approximation in the Problem of the
Scattering of Radio Waves by a Periodically Rough Surface with Finite Conductivity",
Radiotekhnika i elketronika. English Edition, pp 307-314 (1961).

Alekseyev, G. A., "[requency- and Special- Correlation of Waves Scattered by an
Irregular Surface", Radiotekhnika, Vol 9, No 1, pp 137-314 (1961).

Anderson, J. B., Electromagnetic Wave Theory, Part II, Edited by J. Brown,
Pergamon Press, New York (1967), (Proceedings of a Symposium held at Delft, The
Netherlands, September 1965), "The Radiation Field from a Vertical Dipole on an
Inhomogeneous Ground", pp 1099-1112.

Anderson, W. I., "Fields of Electric Dipoles in Sea Water. The Water-Air-
Ionosphere Problem", University of New Mexico, D. Sc. Thesis (1961). Also,
Engineering Experiment Station, Technical Report EH-44.

Behar, E., "Propagation of Radio Waves in a Model Nonuniform Terrestrial
Waveguide", Proc. lEE. No 11, pp 1741-1750 (1966).

Bahar, E., "Scattering of VIY Radio Waves in the Curved Earth-Ionosphere
Waveguide", Radio Sci., Vol 3 (New Series), No 2, pp 145-154 (1968).

Bahar, E., amid Wait, J. R., Electromagnetic Wave Theory, Part 1, Edited by J. Brown,
Pergamon Press, New York (1967), (Proceedings of a Sytaposium held at Delft,
The Netherlands, September 1965), "Propagation in a Model Terrestrial Wevegulde of
Non-uniform Height Theory and Experiment", pp 211-216.

Balser, M., and Wagner, C. A., "Diurnal Power Variations of the Earth-Ionosphere
Cavity Modes and Their Relationship to Worldwide Thunderstorm Activity", J. Geophys.
Res. Vol 67, p 619 (1962b).

Balser, H., and Wagner, C. A., "On Frequency Variations of the Earth-Ionosphere

Cavity Modes", J. Geophys. Res,, Vol 67, p 4081 (1962a).

Barlow, I1. M., and Brown, J., Radio Surface Waves, Oxford at the Clarendon Press (1962).

Bases, F. G., "Propagation of Radio Waves over a Statlstically lrregu'jr Surface",
Izvestiya vysshikh uchebnykh zavedeniy, Radiofizika, Vol 4, No 3, pi 476-483 (1961).

Bass, F. G., Bliokh, P. V., Fuks, 1. M., "Statistical Characteristics of a Signal
Scattered by Randomly Moving Reradiators Located on a Plane lnterfare", Radiotekhnika
I elektrunika, V.l 10, No 5, pp 859-867 (1965).

Bass, F. G., "'Ilieory of Combinational Scatter of Waves at an Uneven Surface",
Fzv. vyssh, tchebn. zavedenii Radiofiz, Vol 4, No 1, pp 58-66 (1961).

Beckmann, P., '"rhe Depolarization of E'lectroamgnetic Waves Scattered From Rough
Surfaces", Acta techn Czech. JSR, Vol 6, pp 511-523 (1961).

Beckmann, P., '"rhe Depolarization of Electromagnetic Waves Scattered From Rough
Surfaces", Praie Ustavu radiotechn. :a elektron, Vol 12, p 28 (19b1).

*ATTELLE MeMORIAL ONSTITUTE - COLUMOUS LASUOIATO'IEs



A-30

Beckmann, P., "The Scattering of Waves by a Periodic Surface", Prace Ustavu
radiotechn. a elektron, Vol 13 (1961).

Berry, L. A., and Chrisman, M. E., "A FORTRAN Program for Calculation of Ground
Wave Propagation Over Homogeneous Spherical Earth for Dipole Antennas", National
Bureau of Standards, Boulder, Colorado, NBS Report 9178 (1966).

Berry, L. A., "Radio Propagation Over a Gaussian Shaped Ridge", IEEE Trans.
Ant, Prop., Vol AP-15, No 5, p 701 (1967).

Bolotovskiy, B. M., and Stolyarov, S. N., "Fresnel Formulae for a Moving Separation
Boundary Between Two Media", Izvestiya vysshikh uchebnykh zavedenity, Radiofizika,
Vol 4, No 6, pp 1171-1172 (1961).

Bremmer, H., Electromagnetic Waves, Edited by R. E. Langer, The University of Wisconsin
(1962), "The Pulse Solution Connected with the Sommerfeld Problem for a Dipole in
the Interface Between Two Dielectrics", p 39.

Burrows, C. R., Electromagnetic Wave Theory, Part I, Edited by J, Brown, Pergamon
Press (1967), (Proceedings of a Symposium held at Delft, The Netherlands, September
1965), "Plane Waves in Dissipative Media", pp 157-158.

Chetayer, D. N., "On the Field of a Low-Frequency Electrical Dipole Situated on the
Surface of a Uniform Anisotropic Conducting Half Space", Th. Tekh. Fiz., Vol 32, No 11,
pp 1342-1348 (1962).

Chytil, B., "The Depolarization of Electromagnetic Waves Back-Scattered from Certain
Bodies", PrAce Istava radiotechn. a elektron., Vol 17, p 38 (1961).

Crombie, D. D., "Periodic Fading of VLF Signals Received Over Long Paths at Sunrise
and Sunset", Radio Sci. 3. Res. NBS, Vol 68D, No 1, pp 27-34 (1964).

Crombie, D. D., "The Waveguide Mode Propagation of VLF Radio Waves to Great
Distance", LEE (London), Conference Publication No. 36 (November 1967).

Duncan, R. H., Electromagnetic Wave Theory, Part II, Edited by J. Brown, Pergamon
Press, New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands,
September 1965), "Interpretation of Antenna Impedance", pp 1135-1138.

Feinberg, Ye. L., "Propagation of Radio Waves Over the Surface of the Earth",
Izd-vo AN SSSR, p 546 (1961).

Fock, V. A., Electromagnetic Diffraction and Propaxation Problems, Pergamon Press,
New York (1965), "Approximate Formulae for Distance of the Horizon in the Presence
of Superrefraction", pp 308-327.

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergainon Press, New
York (1965), "On the Radiowave Propagation Near the Horizon in the Presence of
Superrefraction" (V. A. Fock, L. A. Wainstein, and M. E. Belkina, 1956), pp 328-351.

B -- MMI- M A

BAllZL.LEI ME[MORIAL. INSTITUTE - coL.UMBUS L.ASORATORIES



iF- ,.....

A-31

Fock, V. A., Electromagnetic Diffraction and Propagation Problems, Pergamon Press, A

4 Nov York (1965), "Radiowave Propagation Along a Troposphere Waveguide (Duct)
Near the Earth" (V. A. Fock, L. A. Weinstein, and M. E. Belkina (1958), pp 352-378

Fock, V. A., Electromagnetic Diffraction and Propagation Problems. Pergamon Press,
New York (1965), "Solution of the Problem of Propagation of Electromagnetic Waves
"Along the Earth's Surface by the Method of Parabolic Equations" (M. A. Leontovich
and V. A. Fock, 1946), pp 213-234. -

Furutsu, K., Wilkerson, R. E., and Hartmann, R. F., "Some Numrical Results Based on
the Theory of Radio Wave Propagation Over Inhomogeneous Earth", Radio Science.
Vol 68D, No 7, p 827 (July 1964).

Furutsu, K., Electromagnetic Theory and Antennas, Edited by E. C. Jordan, Pergamon
Press, Oxford (1963), "Diffraction of Radio Waves by Several Smooth Surfaces", p 45.

Furutau, K., "On the Theory of Radio Wave Propagation Over Inhomogeneous Earth", . "•
J. Ras. NBS Vol 67D (Radio Prop.), No 1, p 39 (1963).

Gerks, I. H., "Use of a High-Speed Computer for Ground Wave Calculations", IRE Trans.
Ant. Prop. Vol AP-lO, pp 292-299 (1962).

Giunninen, E. M., and Rybachek, S. T., "Propagation of a Radio Pulse Over a Stratifed
Spherical Earth", Problemy Difraktsiy _ Rasprostronyeniya, Vol 2, pp 144-157 (1962).

Goryainov, A. S., "Diffraction of a Plane Electromagnetic Wave Propagation Along theAxis of a Cone", Radiotekhnika i elektronika, Vol 6, No 1, pp 47-57 (1961). __

Goubau, G., Electromagnetic Waves Edited by R. E. Langer, The University of Wisconsin
Press, Madison, Wisconsin (1962), "Some Characteristics of Electromagnetic Wave Beams",
p 311.

Hallen, E., Electromagnetic Wave Theory, Part II, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands,
September 1965), "Exact Solution of The Antenna Equation", pp 1131-1134.

Hansen, R. C., Electromagnetic Wave Theory, Part II, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands, September
1965), "Radiation and Reception with Buried and Submerged Antennas", pp 1173-1178.

Hartmann, R. F., "Graphical Attenuation Calculations for Irregular Terrain", Radio -
SSci.. Vol 2 (New Series), p 1109 (September 1967).

Jackson, C. M., Wait, J. R., and Walters, L. C., "Numerical Results for the Surface
Impedance of a Stratifed Conductor", National Bureau of Standards, NBS Technical Note
143 (1962). ____

Johansen, E. L., "Surface Wave Scattering by a Step", IEEE Trans. Ant. Prop, Vol AP-15,
p 442 (1967).

SATTfLLE MEMORIAL INSTITUTR - COLUMUUS LASORATOIES

ass



A-32

Johler, J. R., and Berry, L. A., "Loran-D Phase Corrections Over Inhomogeneous,
Irregular Terrain", ESSA Technical Report LEK 59/ITSA 56 (1967). _

Johler, J. R., and Berry, L. A., "Propagation of Terrestrial Radio Waves of Long
Wavelength-Theory of Zonal Harmonics with Improved Summation Techniques",

Res,!j, Vol 66D (Radio Prop.), No 6,, pp 737-774 (1962).

Johler, J. F., and Lilley, C. M., "Evaluation of Concolution Integrals Occurring in

the Theory of Mixed Path Propagation", Tech. Notes NBS No 132 (PB 161633),
(1961).

Kalinin, Yu. K., "Derivation of the Coefficient of Reflection and the Wave Guide
Equation of Poles for Curved Surfaces by Use of Limiting Conditions of Impedance
Type", Geomagnetism i aeronomia, Vol 2, No 3, pp 476-480 (1962).

Karal, F. C., Jr., and Karp, S. N., "Diffraction of a Plane Wave by a Right Angled

Wedge Which Sustains Surface Waves on One Face", Quart, Appl. Math., Vol 20, No 2,
p 97 (July 1962).

Karal, F. C., Karp, S. N., Chu, T. S., and Kouyomjian, R. G., "Scattering of a
Surface Wave by a Discontinuity in the Surface Reactance on a Right Angled Wedge",

Comm. Pure Appl. Math., Vol 14, p 1 (1961).

Karp, S. N., Electromagnetic Wave Theory. Part I, Edited by J. Brown, Pergamon
Press, New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands,
September 1965), "Generalized Impedance Boundary Conditions with Applications
to Surface Wave Structures" (S. N. Karp, and F. C. Karal, Jr.) pp 479-483.

Kashprovskii, V. E., and Kuzubov, F. A., "Inhomogeneities of the Ground Profile and
Their Effect on Surface Wave Propagation", Geomagnetism i aeronomia, Vol 3, No 3, p 525
(1963).

Khaskind, M. D., "On the Short-Wave Approximation in the Theory of Diffraction and
Radiation", Tr, uchebn, in-toy cvyazi. M-vo svyazi SSSR. Vol 22, pp 13-23
(1964).

Kinber, B. Ye., "Asymptotic Solution of the Problem of Diffraction at a Sphere",
Radiotekhnika, Vol 21, No 10, pp 7-17 (1966).

Kinber, B. Ye., "Diffraction of Electromagnetic Waves cn a Concave Spherical Surface",
Radiotekhnika t. elektronika, Vol 6, No 10, pp 1652-1657 (1961).

Kinber, B. 7.'., "Diffraction of Electromagnetic Waves at the at the Concave Surface of
a Circular Cylinder", Radiotekhnika i elektronika, Vol 6, No 8, pp 1273-1283
(1961).

King, R. J., "An Introduction to Electromagnetic Surface Wave Propagation", IEEE Trans.
Education Vol 11, No 1, p 59 (1968).

King, R. J., "Crossed-Dipole Method of Measuring Wave Tilt", Radio Science, Vol 3,
No 4, p 345 (1968).

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORIES



A-33

King, R. J., "Electromagnetic Wave Propagation Over a Constant Iinpodsce Plane",
Radio Science, Vol 4, p 255 (1969).

King, Ronold W. P., "Dipoles in Dissipative Media", Harvard University, Cruft
Laboratory Technical Report No. 336 (1961).

King, R. J., and Radtke, J., '"he Measurement of Surface Impedance at Microweve
Frequencies", Electr. Letters, Vol 4, No 14, p 296 (1968).

King, R. J., Halley, S. W., and Wait, J. R., Electromagnetic Wave Theory, Part I,
Edited by J. Brown, Pergamon Press, New York (1967), (Proceedings of a Symposium
held at Delft, The Netherlands, September 1965), "Experimental and Theoretical Studies
of Propagation of Ground Waves Across Mixed Paths", p 217-224.

King, R. J., and Schlak, G. A., "Groundwave Attenuation Function for Propagation
Over a Highly Inductive Earth", Radio Science, Vol 2, No 7, p 687 (1967).

Kiyaivski, A., "Reciprocity Theorems and Babinet's Principle in Kirchhoff's Theory of
the Diffraction of Electromagnetic Waves", Acts Physics Polonica, Vol 126, pp 597-607
(1962).

"Kontorovich, M. I., Petrun'kin, V. Yu., Yesepkina, N. A., and Astrakhan, H. I.,
"Reflection Coefficient of Plane Electromagnetic Waves Reflected by a Planar Wire
Grating", Radiotekhnika i elektronLka, Vol 7, No 2, pp 239-249 (1962). -

Kondratenko, A. N., Miroshnichenko, V. 1., "Kinetic Theory of Passage of an Electro-
magnetic Wave Through a Thin Plasma Layer Lying in a Magnetic Field", Izv. vyssh,
uchebn. zav. Radiofizik4, Vol 9, No 2, pp 272-278 (1966).

IKooy, C., Electromagnetic Wave Theory, Part 1, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands, September
1965), "A Note on the Propagation of a Pulse by Surface-Wave Modes", pp 497-504.

Kornhauaer, E. T., and Heller, G. S., Electromagnetic Wave Theory Part II, Edited
by J. Brown, Pergamon Press, New York (1967), (Proceedings of a Symposium held at
Delft, The Netherlands, September 1965), "A Soluble Problem in Duct Propagation",
pp 981-990.

Kovalev, A. A., Pozdnyak, S. T., "Scatter of Electromagnetic Waves at a Statistically -

Irregular Surface with Finite Conductivity", Radiotekhnika, Vol 16, No 12, pp 31-36
(1961).

Kozulin, Yu. N., "Method of Reflection for Analysis of the Electromagnetic field
Above Horizontally Stratified Structures", Izvestiya AN SSSR Seris Geoftz.,

Krasnushkin, P. Ye., "The Boundary Problem of the Propagation of Electromagnetic
Waves in a Spherically Laminated, Anisotropic, Dissipative Medium", Akademiya Nauk
SSSR. Doklady, Vol 138, No 4, pp 813-816 (1961).

DATTRLLE MEMORIAL INSTITUTE -COLUMMUS LAIORANTOIE--

7!



A-34

Krukosky-Sinevich, K. V., Malyarevsky, N. M., "Concerning Detection of Signals
Reflected from Moving Bodies", Izv. vyssh. uch. zav. Radiotekhnik, Vol 7, No 6,
pp 742 (1964).

Kujawski, A., "Recifrocity Theorems and Babinet's Principle in Kirchhoff's Theory
of the Diffraction of Electromagnetic Waves", Acta phys. polon. Vol 21, No 6,
pp 597-607 (1962).

Large, D. B., and Wait, J. R., "Resonances of a Cylindrical Earth-lonosphure - -
Cavity Model with a Dipolar Magnetic Field", J. Geophys.. Res., Vol 72, p 5395 (1967).

Logan, N. A., and Yee, K. S., "A Simple Expression for Propagation Constants
Associated with a Reactive Convex Surface", IRE Trans, Ant. Prop., Vol AP-10, p 103
(1962). -.

Madden, T., and Thompson, W., "Low Frequency Electromagnetic Oscillations of the
Earth-Ionosphere Cavity", Rev. Geophys.., Vol 3, p 211 (1965).

7

Makarov, G. I., "Propagation of Plane Electromagnetic Waves in a Symmetric Layer
of the Ionosphere", Referatinvnyy Zhurnal--Fizika, No 7 (July 1963).

Malyuzhinets, G. D., Vainshtein, L. A., "Transverse Diffusion in the Diffraction of
a Cylinder Impedance of Large Radius; Part I, Parabolic Equation in Radial Coordinates",
Radioteklin. i. elektronika, Vol 6, So 8, pp 1247-1258 (1961).

Mattila, P., Electromagnetic Wave Theory, Part I, Edited by J. Brown, Pergamon
Press, New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands,
September 1965), "Wave Propagation in Anisotropic Media", pp 155-156.

McKee, W. P., Jr., "Cinematic Display of Ground-Wave Field Intensity Parameter
Dependence", Douglas Aircraft Company, Inc., Santa Monica, California, Douglas
Paper No. 3562 (Presented to United States National Committee, International Scientific
Radio Union, Dartmouth College, Hanover, New Hampshire), (October 5, 1965).

Mikhailov, V. T., "Scatter of Electromagnetic Waves at Uneven Surfaces", Ykr. fiz.
z Vol 7, No 12, pp 1274-1279 (1962).

Miller, R. F., Electromagnetic Wave Theory, Part I, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands, Sept-
ember 1965), "The Far Field of an H-Polarized Line Source Near the Edge of a Perfectly
Conducting Half-Plane in the Interface Between Two Different Media, with Application
to Mixed-Path Propagation", pp 233-236.

Model', A. M., Talyzin, N. V., "Inclined Incidence of a Plane Wave on a Selective
Reflecting Surface", Radiotekha;ika, Vol 17, No 4, pp 23-33 (1962).

Moore, R. K., and Blair, W. E., "Dipole Radiation in a Conducting lialf-Space", J.
Res. NBS, Vol 65D, p 547-563 (1961).

Pappert, R. A., "Modal Splittings of the Earth-Ionosphere Cavity Resonances", Rept.
1334, U.S. Navy Electronics Laboratory (November 23, 1965).

Petykiewicz, J., "On Sommerfcld's Diffraction Problem for Multipoles", Acts pihys polon,
Vol 27, No 6, piA849-858 (1965).

ATTELLE MEMORIAL. INSTITUTE- COL.UMDIUS LANORATOAIZ3



A-35

Petykiewics, J., "On Soumerfeld's Diffraction Problem for Multipoles", Acts phys
volon Vol 27, No 6, pp 849-858 (1965).

Red'kin, 11. A., "Approximation Determination of the Effects of Diffraction from Some
Form of Local Objects in the Frauhofer Diffraction Zone", Tr. Tomo.koto in-to
radioelektron. i elektron. tekhn. Vol 3, pp 33-35 (1964).

Ry'sakov, V. M., "Approximate Methods of Computation and Simulation Techniques of ...
Transient Processes in Radio Wave Propagation", Leningrad. Universitet. Problemy
difraktsii i Rasprostraneniya, Vol 3 (1964). "Rasprostrsneniye radlovoln" (Radio
Wave Propagation) No 3, pp 202-220.

Ryzhov, Yu. A., "Diffraction of Radio Radiation with a Continuous Spectrum at
Irregularities of a Plane Layer", Izv. vyssh. uch. zav. Radlofizika Vol 5, No 5,

pp 917-922 (1962).

Saysos', Yu. S., "Scattering of Electromagnetic Waves from an Ideally Conducting
Sphere in a inhomogeneous Medium", Zhurnal tekbnichesko. fiziki, Vol 31, No 3,
pp 261-270 (1961).

Schlak, G. A., "An Investigation of Electromagnetic Wave Propagation Over InhomogenecusGround", University of Colorado, Boulder, Colorado (Ph. D. Dissertation), (1967). -

Shtager, Ye. A., "Scattering of Fluctuating Waves on Larger Obstacles",
Radiotekhnika i elektronika, Vol 7, No 2, pp 202-205 (1962).

Sigelmsnn, R. A., "Surface Waves on a Grounded Dielectric Slab Covered by a Periodically
Slotted Conducting Plane", IEEE Trans. Ant. Prop., Vol AP-15, No 5, p 672 (September
1967).

Spies, K. P., and Wait, J. R., "On the Calculation of the Ground Wave Attenuation
at Low Frequencies", IEEE Trans. Ant. Prop, (Communications), Vol AP-14, p 515
(July 1966).

Stolysrov, S. N., "Reflection and Absorption of Electromagnetic Waves at the moving
Boundary of Reflection of Two Media", Zh. tekhnicheskoi fiziki, Vol 33, No 5,
pp 565-570 (1963).

Sukharevokly, I. V., "Passage of Electromagnetic Waves Through a Layer Transparent to
Radio Waves", Radiotekhnika i Elektronika, Vol 12, No 2, pp 208-215 (1967).

Tamir, T., and Oliner, A. A., "Guided Complex Waves", Proc. lEE (London), Vol 110,
p 310 (February 1963).

Tamir, T., "On Radio-Wave Propagation in Forest Environments", IEEE Trans. Ant. Prop.,
Vol 15, No 6, p 806 (1967).

Tartakovskiy, B. D., "Symposium on Diffraction of Waves", Uspekhi fizicheskikh nauk,
Vol 74, No 2, pp 369-379 (1961).

Ufimtsev, P. Ya., "Diffraction of Plane Electromagnetic Waves on a Thin Cylindrical
Conductor", Radictekhnika i Elektronika, Vol 7, No 2, pp 260-269 (1962).

EATtULLS MEMORIAL INSTITUTS - COLUMOUS LA9ORATORI1S



A-36

Vinogradova, M. B., "Radio Wave Diffraction on a Regular Phase Screen", Geomaanetizus
I aeronomiya, Vol 5, No 1, pp 90-96 (1965).

Vogler, L. E., "A Note on the Attenuation Function for Propagation Over a Flat
Layered Ground", IEEE Trans, Ant. Prop. Vol 12, No 2, p 240 (1964).

Vogler, L. E., "Calculation of Groundwave Attenuation in the Far Diffraction
Region", J. Rea. NBS Vol 68D, No 7, p 819 (July 1964). 1,L

Vogler, L. E., and Noble, J. L., "Curves of Ground Proximity Loss for Dipole
Antennas", NBS Technical Note 175 (May 1965).

Volotovskaya, N. K., "Effective Scatter Area of Objects Surrounded by Radiation from
an Irregular Background", Izv. vyssh. uch. zav. Radiofizika, Vol 10, No 7, pp 763-767
(1967).

Vorotsov-Vel'yaminov, P. N., Novikov, V. V., "Electromagnetic-Pulse Propagation Above
a Nonuniform Plane Route", Problemy Difraktsii i Rasprostraneniyra, Vol 2, pp 158-165
(1962).

Vsekhavyatskaya, 1. S., "On the Calculation of the Correlation Coefficient in the
Presence of Circularly Reflected Waves and the Spectra of the Clraotic Waves",
Geomagnetizm i aeronomiya. Vol 2, pp 213-222 (1961).

Wait, J. R., "Comments on 'An Asymptotic Field Calculations in the Penumbra Region"',
IEEE Trans. Ant. Prop., Vol AP-16, No 2, p 260 (March 1968).

Wait, J. R., M.F.. F.F.. and V.L.F. Radio Propagation Conference, Pub. No 36,
Institution of Electrical Engineers, London (November 1967), "Applications and
Limitations of the Mode Theory of Long Wave Radio Propagation", pp 57-62.

Wait, J. R., "Asymptotic Theory for Dipole Radiation in the Presence of a Loosy Slab
Lying on a Conducting Half-Space", IEEE Trans. Ant. Prop., Vol AP-15, No 3, pp 645-648
(1967).

Wait, J. R., Antenna Theory. Part 2, Edited by R. E. Collin and F. J. Zucker, McGraw-
Hill Book Company, New York (1969), Chapter 23, "Characteristics of Antennas Over
Lonsy Earth", pp 386-437.

Wait, J. R., "Diffraction of Scattering of the Electromagnetic Groundwave by Terrain
Features", Radio Science, Vol 3, p 995 (1968).

Wait, J. R., "Earth-Ionosphere Cavity Resonances and the Propagation of ELF Radio
Waves", 3. Rae. NBS, Vol 69D, p 1997 (1965).

Wait, J. R., "Electromagnetic Fields of a Dipole Over an Anisotropic Half-Space",
Can. J. Phys., Vol 44, No 10, pp 2387-2401 (October 1966).

Wait, J. R., "The Electromagnetic Fields of a Horizontal Dipole in the Presence of a
Conducting Half-Space", Can. J. Phys., Vol 39, pp 1017-1028 (1961).

BATTELLE MEMORIAL INSTITUTE - COLUMBUS LABORATORlES



A-37 -

Wait, J. I., Antenna fheor.-, Part 2, Edited by k. 1. Collin and F. J. Zucker, McGrav-
Hill Book Company, New York (1969); Chapter 24, "Electromagnetic Fields of Sources
In Loaey Media", pp 438-513.

Wait, J. R., Advances in Radio Research, Edited by J. A. Sexton, Academic Press,
Now York (1964), "Electromgnetic Surface Waves", p 157.

Wait, J. R., ElectropMnetic Waves in Stratified Media, Pergamon Press, Neo York (1962),
372 pp.

Wait, J. R., "Influence of a Thin Inhomogeneoua Surface Layer on Electromgn.tic
Ground Wave Propagation", Proc. IEEE. Vol 55, No 4, p 568 (1967).

Wait, J. R., "Launching a Surface Wave Over the Earth", Electronics Letters,
Vol 3, No 9, pp 396-397 (September 1967).

Wait, J. R., "Modal Analysis of Irregular Terrain Effects in Radio Propagation and
the Ray Interpretation", Electronics Letters, Vol 4, No 17 (August 1968).

Wait, J. R., "Mode Conversion and Refraction Effects in the Earth-Ionosphere Weveguide ---.

for VLY Radio Waves", 3. Geophys. Ras,. Vol 73, No 11, pp 3537-3548 (1968).

Wait, J. R., "The Mode Theory of VLF Radio Propagation for a Spherical Earth and
a Concentric Anisotropic Ionosphere", Can, J. Phys,, Vol 41, pp 299-315 (1963).

Wait, J. R., 'Nature of the Electromaguetic Field Reflected from a Coastline",
Electronics Letters, Vol 1, No 3, p 65 (May 1965).

Wait, J. R., "A Note Concerning the Excitation of ELF Electromagnetic Waves",
J. Res. NBS. Vol 65D, No 5, pp 481-484 (SeptemLer -. cttebert 196t).

Wait, J. R., "A Note on E-Field and li-Field Losses for Ground-Based Antennae",
Proc. IEEE, Vol 51, No 2, p 366 (February 1963).

Wait, J. R., "Note on Mode Conversion at VLF in the Earth-Ionosphere Waveguide",
Journal of Geophys. Res, Vol 73, No 17, pp 5801-5804 (September 1, 1968).

Wait, J. R., "A Note on Surface Waves and Ground Waves", IEEE Trans. Ant. Prop., Vol 13,
No 6, p 996 (1965).

Wait, J. R., "A Note on the Electromagnetic Response of a Stratified Earth", Geophys.,
Vol 27, No 3, pp 382-385 (June 1962).

Wait, J. R., "A Note on the Propagation of Electromagnetic Pulses over the Earth's
Surface", Can. J. Phys., Vol 40, pp 1264-1268 (1962).

Wait, J. R.i, "The Oblique Propagation of Ground Waves Across a Coast Line - Part I",
J. Ras. NBS. Vol 67), DNo 6, pp 617-624 (November - December 1963).

BATTELLE MftMORI*L INS'TITUTE - COLUMBUS LABORtATORIES



A-38

Wait, J. t1, "On the Impedance of Long Wire Suspended Over the Ground", Proc. IRE
Vol 49, No 10, p 1576 (October 1961).

Wait, J. R., "On the Possibility of .Rejecting Certain Modes in VLF Propagation",
Proc. IRE, Vol 49, No 9, p 1429 (September 1961).

Wait, J. R., "On the Theory of Mixed-Path Ground-Wave Propagation on a Spherical
Earth", J. Res. NBS, Vol 65D, No 4, p 401 (1961).

Wait, 3. R., "On the Theory of Radiation from a Raised Electric Dipole Over an
Inhomogeneous Ground Plane", Radio Science, Vol 2 (New Series), No 9, pp 997-1004
(September 1967).

Wait, J. R., "On the Theory of Schumann Resonances in the Earth-Ionosphere Cavity",
Can. J. Phys.t Vol 42, p 575 (1964).

Wait, J. R., "On the Theory of Shielded Surface Waves", IEEE Trans., Vol MTT-15, No 7,
pp 410-414 (July 1967).

Wait, J. R., "On the Theory of VLF Propagation for a Step Model of the Nonuniform
Earth-Ionosphere Wave Guide", Can. J. Phys., Vol 46 (1968).

Wait, J. R., "Optimisation of the Ground Wave Over a Stratified Earth", Electronics
Letters Vol 4, No 26, pp 575-576 (December 27, 1968).

Wait, J. R., "Possible Influence of the Ionosphere on the Impedance of a Ground-Based
Antenna", J. Res. NBS Vol 66D, No 5, pp 563-569 (September - October 1962).

Wait, J. R., Electromagnetic Waves, Edited by R. Langer, University of Wisconsin Prest,
Madison, Wisconsin (1962), "The Propagation of Electromagnetic Waves Along the Earth's
Surface", p 243.

Wait, J. R., "Radiation From Dipoles in an Idealized Jungle Environment", Radio
Science, Vol 2 (New Series), No 7, pp 747-750 (July 1967).

Wait, J. R., Advances in Electronics and Electron Physics Edited by L. Marton, Aca-i
demic Press, New York (1968), Vol 25, "Recent Theoretical Advances in the Terrestrial
Propagation of VLF Electromagnetic Waves".

Wait, J. R., "Comments on S. W. Lee, Wave Propagation in Earth-Ionosphere Waveguide",
Appl. Sci. Res., Vol 18, p 458-459 (March 1968).

Wait, J. R., "Scattering From a Thin Sheet Obstacle on a Curved Surface", C
Ptys.. Vol 46, No 23, pp 2601-2605 (1968).

Wait, J. R., Electromagnetic Wave Theory, Part I, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands, September
1965), "Terrestrial Waveguides", pp i95-196.

DATTRLLE MEMORIAL INSTITUTE - COLUMBUS LABONATORIES



A-39

Wait, J. R., Electromagnetic Theory and Antennas, Edited by E. C. Jordan, Pergamon
Press, Oxford (1963), "The Theory of an Antenna Over an Inhomogeneous Ground Plane".

Wait, J. R., Electromagnetic Wave Theory, Part 11, Edited by J. Brown, Pergamon Press,
New York (1967), (Proceedings of a Symposium held at Delft, The Netherlands, September
1965), "The Theory of an Antenna Over an Inhomogeneous Ground Plane", pp 1079-
1098.

Wait, J. R., '"Theory of Diffraction by a Curved Inhomogeneous Body", J. Math. Phys..
Vol 8, No 4, pp 920-925 (1967).

Wait, J. R., "Transient Response of the Penumbral Currents for Plane Wave Diffraction
By a Cylinder", Can. J. Physt, Vol 47, No 12, pp 1307-1312 (1969).

Wait, J. R., '"No-Dimensional Treatment of Mode Theory of the Propagation of VLF
Radio Waves", A. Res. NBS Vol 68D, No 1, pp 81-93 (1964).

Wait, J. R., "Comments on 'The Variation of Ground Constants for the Frequency Range
of 30 to 70 MHZZ"', Proc. IEEE Vol 55, No 1, pp 85-86 (January 1967).

Wait, J. R., "Wave Propagation Around a Curved Boundary Which Contains an Obstacle",
Can. J. Phys., Vol 40, p 1010 (1961).

Wait, J. R., "Whispering-Gallery Modes in a Tropospheric Layer", Electronics Letters.
Vol 4, No 18, pp 377-378 (September 1968).

Wait, J. R., and Bahar, E., "Propagation in a Model Terrestrial Waveguide of Nonuniform
Height: Theory and Experiment", J. Res. NBS Vol 69D, No 11, pp 1445-1463
(November 1965).

Wait, J. R., and Bahar, E., Electromagnetic Wave Theory, Part I, Edited by J. Brown,
Pergamon Press, New York (1967), (Proceedings of a Symposium held at Delft, The
Netherlands, September 1965), "Propagation in a V3del Terrestrial Waveguide of
Non-Uniform Height: Theory and Experirint", pp 211-216.

Wait, J. R., and Jackson, C. M., "Oblique Propagation of Groundwaves Across a
Coastline. Part 2", J. Res. NBS, Vol 67D, No 6, p 625 (1963).

Wait, J. R., and King, R. J., and Malay, S. W., "Groundwave Propagation Along Three-
Section Mixed Paths", Proc. IEE London, Vol 113, No 5, pp 747-751 (may 1966).

Wait, J. R., and Large, David, B., "Theory of Electromagnetic Coupling Phenomena in the
Earth Ionosphere Cavity", J. Geophys. Res., Vol 73, No 13, pp 4335-4362 (July 1, 1968).

Wait, J. R., and Schlak, G. A., "Electromagnetic Wave Propagation Over Nonparallel
Stratified Conducting Medium", Can. J. Phys., Vol 45, No 11, pp 3697-3720 (1967).

Wait, J. R., and Schlak, G. A., "New Asymtotic Solution for the Electromagnetic Fields
of a Dipole Over a Stratified Medium", Electronics Letters, Vol 3. No 9, p 421 (1967).

DAlT"LL. MEMORIAL INSTITUTe - COLUMEUS LA0ORATORISS



,-. FST AVAILABLE COPY

I'' A-40

1 Wait, J. R., and Spies, K. P., "Characteristics of the Earth-Ionosphere Waveguide for
VLF Radio Waves", NBS Technical Note No. 300 (December 30, 1964).

Wait, J. R., and Spies, K. P., "Characteristics of the Earth-Ionosphere Waveguide for
VLF Radio Waves", Numerical Supplement to NBS Technical Note No. 300 (February 15, 1965).

Wait, J. R., and Spies, K. P., "Characteristics of the Earth-ionosphere Waveguide for
VLF Radio Waves", Second Supplement to NBS Technical Note No. 300 (March 25, 1965).

Wait, J. R., and Spies, K. P., "Fields of Electric Dipole on Radially Inhomogeneous
Ground Surface", Electronics Letters, Vol 5, No 2D, pp 478-479 (October 2, 1969).

Wait, J. R., and Spies, K. P., "Height-gain for VLF Radio Waves", J. Res. NBS,
Vol 67D, No 2, pp 183-187 (March - April 1963).

Wait, J. R., and Spies, K. P., "Influence of Finite Ground Conductivity on the
Propagation of VLF Radio Waves", 3. Res. NBS, Vol 69D,No 10, pp 1359-1373
(October 1965).

Wait, J. R., and Spies, K. P., "Mode Calculations for VLF Propagation in the Earth-
Ionosphere Waveguide", NBS Technical Note No. 114 (PB-161615),(July 17, 1961).

Wait, J. R., and Spies, K. P., "A Note on the Insulated Loop Antenna Immersed in a
Conducting Medium", J. Res. NBS Vol 68D, No 11, pp 1249-1250 (November 1964).

Wait, J. R., and Spies, K. P., "On the Calculation of Antenna Patterns for an
Inhomogeneous Spherical Earth", Radio Science, Vol 2 (New Series), No 11, pp 1361-
1378 (November 1967).

Wait, 3. Rev and Spies, K. P., "On the Calculation of Mode Conversion at a Graded
Height Change in the Earth-Ionosphere Waveguide at VLF", Radio Science, Vol 3 (New
Serics), No 8, pp 787-791 (August 1968).

Wait, J. R., and Spies, K. P., "On the Calculation of the Ground Wave Attenuation
Factor at Low Fxequencies", IEEE Trans. Ant. Prop. Vol AP-14, No 4, pp 515-517
(July 1966).

Wait, J. R., and Spies, K. P., "On the Diffraction by a Knife-Edge Obstacle on a
/), Conducting Earth", Radio Science, Vol 3 (New Series), No 12, p 1179 (December 1968).

Wait, J. R., and Spies, K. P., "Phase of the Electromagnetic Field on the Surface of
an Inhomogeneous Earth for Sky-Wave Illumination", IEEE Trans. Ant. Prop., Vol AP-15,
No 5, pp 708-709 (September 1967).

Wait, J. R., and Spies, K. P., "Propagation of Radio Waves Past a Coast Line with a
Gradual Change of Surface Impedance", IEEE Trans, Ant. Prop., Vol AP-12, No 5, pp 510-
575 (September 1964).

Wait, J. R., and Spies, K. P., "Radio Propagation Over a Cylindrical Hill Including
the Effect of a Surmounted Obstacle", IEEE Trans. Ant. Prop., VMl AP-16, No 6
(November 1968).

BATTELLE MEMORIAL INSTITUTE- COLUMBUS LABORATORIES



BEST AVAILABLE Copy

A-41

Wait, J. R., and Walters, L. C., "Curves for Ground Wave Propagation Over Mixed
Land and Sea Paths", IEEE Trans. Ant. Prop., Vol AP-I1, No 1, pp 38-45 (Jan. 1963).

Wilcox, C. H., Electromagnetic Waves, Edited by R. E. Langer, The University of
Wisconsin Press, Madison, Wisconsin (1962), "The Mathematical Foundations of ..
Diffraction Theory", p 65.

Terukhimovich, Yu. A., and Pimenov, Y, V., "Plane Electromagnetic Wave Diffraction On An
Ideal Condicting Sphere of Large Diameter", Radiotekhnika I Elecktronika Vol 73,
pp 394-399 (1963).

Yerukhimovich, Yu. A., "Solution of the Problem of Diffraction of a Plane Electro- 7'
magnetic Wave on a Sphere of Large Diameter by a Method of Approximation",
Radiotekhnika i Electronika Vol 10, No 1, pp 21-30 (1965). -"

Yer-knimovich, Yu. A., "The Propagation of Plane Electromagnetic Waves Over a
6on-Ideal Earth in Presence of Horizontal Reradiating Lines", Radiotekhnika, Vol 18,

No 2, pp 15-26 (1963).

"Radio Wave Fropagation", North Atlantic Treaty Organization, Advisory Group for - .
Aerospace Research & Development, AGARD Lecture Series 29 (July 1968).

BEST AVAILABLE COPY

GATTELLE MIMORIAL INrlT7UT[ - COLUMIUS LADORATOf$ .s

BEST AVAILABLE COPY


